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Over the past fifty years’ global climate change has altered various environmental processes. 
Due to global climate change, mid-winter snowmelt is occurring more frequently throughout 
much of the world (Freudiger, Kohn, Stahl, & Weiler, 2014). The increasing frequency of these 
events is a relatively new phenomena and is challenging the effectiveness of current water 
resource management and flood forecasting best practices. Early snowmelt events are caused by 
a brief period of unusually high air temperature, high humidity, or rain-on-snow (Semmens, 
Ramage, Bartsch, & Liston, 2013). This research focuses on the detection of rain-on-snow events 
using remote sensing approaches to identify the frequency, extent, and magnitude of these 
events. Early snowmelt events, driven by rainfall with the presence of snow, are identified from 
The Dartmouth Flood Observatory archives. Passive microwave data from the AMSR-E and 
SSM/I satellite instruments are compared with MODIS imagery and field observations to assess 
the reliability of microwave observations to capture these events. Early snowmelt detection 
algorithms that use passive microwave retrievals for northern latitude areas, primarily Alaska 
and Canada, are evaluated in the continental United States. It was determined that regional 
climate differences, largely variations in winter air temperature, impact the interpretation and 




1 CHAPTER 1 - INTRODUCTION  
 
Mid-winter snowmelt events possess unique hydraulic qualities that lead to large 
uncertainties in the predicted behavior of these events. Mid-winter snowmelt events can 
adversely impact the surrounding ecology, as well as result in severe flooding. Mid-winter 
snowmelt events are generally caused by, a brief period of unusually high air temperature, high 
humidity, or rain on snow (Semmens et al., 2013). The severity of early winter floods can also be 
amplified by high wind speeds (Marks, Link, Winstral, & Garen, 2001). Numerical climate 
models suggest that the frequency of climatological conditions attributed to early snowmelt 
events will continue to increase on a global scale (Rennert, Roe, Putkonen, & Bitz, 2009). 
However, as early snowmelt conditions continue to increase, the expected amount of days that a 
watershed will have a significant snowpack will decrease in some areas, typically low elevations 
(McCabe, Clark, & Hay, 2007). As a result, some watersheds will experience a decreased 
probability of snow related floods as a consequence of fewer days with a significant snowpack 
(McCabe et al., 2007). Many watersheds around the globe, however, will still be able to maintain 
a significant snowpack throughout the winter and are therefore at risk of experiencing an 
increasing amount of early snowmelt floods.  
Early to mid-winter intense ablation periods of a snowpack initiated by abnormal 
meteorological conditions are shown to have devastating consequences. In late January of 1996 a 
severe winter floor event was responsible for 30 fatalities and 1.5 billion dollars of damages in 
northern Pennsylvania (Leathers, Kluck, & Kroczynski, 1998). The abnormal weather leading up 
to the intense snowmelt period created a dangerous hydrological environment which resulted in 
highly saturated soils preceding the winter freeze up. Several severe snow storms, producing 
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nearly 15 cm of snow water equivalent (SWE), then followed. A period of above freezing 
temperatures, high precipitation rates, a high dew point, and high wind speeds allowed for a brief 
and intense period of snowmelt which resulted in flooding (Leathers et al., 1998). These types of 
weather scenarios are projected to become more frequent in response to rising air temperatures 
from global climate change. Events of this nature have been shown to restructure the snowpack 
in such a way that the snowpack’s hydraulic conductivity is increased and its holding capacity is 
decreased (Singh, Spitzbart, Hubl, & Weinmeister, 1997). This restructuring of the snowpack 
would result in more rapid and intense flooding if early winter flooding conditions were to occur 
again within the same winter season.  In order to be better prepared for natural disasters of this 
nature the understanding of the mechanics and predictability of runoff from early snowmelt 
events needs to be advanced.  
The increased frequency of early melt events has also been found to have significant 
impacts on ecosystems (Pedersen, Liston, Tamstorf, Westergaard-Nielsen, & Schmidt, 2015). 
Early melt events considerably increase the liquid water content within a snow pack for brief 
periods during mid-winter. After the temperature drops to normal, below freezing winter 
temperatures, the liquid water content introduced by the early melt events re-freezes and forms 
impenetrable ice layers (Pedersen et al., 2015). Not only do these ice layers alter the natural 
hydraulics of the ecosystem, but they also impede the ability for animals to forge for food during 
the winter months. This result has been correlated to an increase in the mortality rate of animals 
such as caribou and musk oxen (Grenfell & Putkonen, 2008).              
A variety of studies encompassing a wide range of methodologies have been carried out 
regarding the mechanics and detectability of early winter snowmelt events. The major goal and 
biggest challenge of this research is the development of reliable early winter flood forecasting 
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methods, which accurately capture the magnitude and timing of runoff, to be used in an 
operational setting.  
Researchers have used energy balance models to evaluate the energy components driving 
snowmelt during early melt events. Energy balance models calculate all energy fluxes 
experienced by a snowpack, such as short and long wave radiation, sensible and latent heat, and 
energy from turbulent wind and rainfall. It is then possible to estimate the magnitude of runoff 
generated from early winter flood event conditions (Marks et al., 2001). This approach works 
well to gain an understanding of the physical processes associated with the generation of melt 
water from these events. However, this technique does not give any insight into the travel time of 
melt water through the snowpack, which is an important parameter associated with the intensity 
of early winter floods. Also, because of the extensive amount of data needed to run the models 
they would be impracticable for operational use.  
In order to simplify the intricacy of the physically based energy models, temperature 
index based models have been used to study early winter flood events. A temperature index 
model drastically reduces the required data and simplifies the energy budget equation by 
recognizing that the sensible heat flux caused by the temperature difference between the 
snowpack and the surrounding air is the primary driver of snowmelt (McKay & Thurtell, 1978). 
Although this method is much more practical for analyzing early snowmelt events on a larger 
scale, the temperature index method is more suited for establishing the expected runoff during 
spring snowmelt, when the sensible heat flux is the only source of generating runoff. This 
simplification can overlook critical energy exchange components, such as high wind speeds and 
rain, that influence snowmelt (McKay & Thurtell, 1978). This model also does not account for 
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changes in the hydraulic conductivity and holding capacity of the snowpack, and therefore leads 
to severe inaccuracies of runoff timing.     
Both the energy balance and temperature index models are limited to areas that have a 
well-established network of gauging stations. Major early winter flood events can have a 
relatively small geographic extent and therefore can be overlooked in regions with a sparse 
network of gauging stations (Grenfell & Putkonen, 2008). Unfortunately, many regions that are 
at risk of experiencing early winter floods and that rely upon the predictability of snowmelt to 
replenish aquafers and fill reservoirs do not have access to abundant and reliable environmental 
data.  
Other researchers have conducted studies to understand some of the variables that can 
impact the severity of an early winter flood event. (Floyd & Weiler, 2008) extracted data from 
time lapse photography to better understand the dynamics of canopy interception during a rain-
on-snow event. (Singh et al., 1997) investigated the liquid water holding capacity of a snowpack 
during a rain-on-snow event and showed how the runoff lag time becomes shorter as the 
snowpack develops preferential pathways that increase the snowpack’s hydraulic conductivity. 
Research of this nature is necessary to understand the behavior of rain-on-snow events, but it 
does not address how to detect rain-on-snow events on a large spatial scale for purposes of flood 
prediction and watershed management.    
Remote sensing offers an alternative to studying the effects of early snowmelt events 
without the need for ground observation data. Remote sensing of the environment is based on 
relationships between environmental parameters and naturally emitted electromagnetic radiation. 
In the early 1970s radiometers were fixed to satellite platforms which allowed for global 
measurements over a wide range of electromagnetic emissions. The global coverage and 
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sensitivity of these instruments makes them ideal for analyzing snowmelt processes on a large 
scale.                     
Satellite remote sensing of snow provides estimates of snowpack characteristics such as 
snow depth, snow water equivalent, and liquid water content within a snowpack (A. T.C. Chang, 
Foster, & Hall, 1987). Before Chang et. al. developed snow parameter retrieval methods driven 
by microwave temperature brightness data, large scale maps were limited to expressing only 
information regarding snow covered area (SCA). The SCA was captured by visible light 
spectroradiometers and was therefore hindered by darkness and the presence of clouds. Water 
managers would then have to use representative point measurements of snow depth and density 
coupled with the SCA maps and basin specific depletion curves to estimate the timing and 
magnitude of snow melt (Shamir & Georgakakos, 2007). Because of the significant spatial 
variability of snow parameters, point estimates of the snow depth and density introduced 
uncertainty to the estimates of expected snowmelt. Also, the temporal frequency with which 
accurate measures of snow covered area could not be determined, due to darkness and cloud 
cover, added even more uncertainty.  
Chang et. al. improved the collection and mapping of snow parameters by using 
electromagnetic frequencies outside of the visible range, particularly in the microwave regions. 
They showed that higher microwave frequencies undergo scattering and adsorption as a function 
of the density and depth of a snowpack, and that lower microwave frequencies experience little 
change as they pass through the snow (A. T.C Chang, Gloersen P, Schmugge T, Wilheit T T, & 
J, 1976). This phenomenon allowed for not only the determination of the snow covered area, but 
also an estimate of snow depth and density.  A further advantage to using microwave frequencies 
is that the sensors are still able to pick up microwave signatures during periods of dense cloud 
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cover or darkness.  Many have used this characteristic of microwave temperature brightness 
retrievals to estimate snow water equivalent and snow depth for specific regions and have shown 
good correlations to the actual conditions in areas of sparse forest cover.   
Passive microwave instruments measure the magnitude of microwave emissions in terms 
of equivalent black body temperature, or temperature brightness (Ramage & Isacks, 2002). A 
black body is known as a perfect absorber, and therefore absorbs and thermally radiates all 
incident electromagnetic energy upon it, (no energy is reflected by, or transmitted through a 
black body). In the microwave region, the thermal radiation of a black body is described by the 




           1 
where ε is the emissivity of the object being sensed, c is the speed of light, λ is the wavelength of 
a given frequency, T is the kinetic temperature of the object being sensed, Mλ is the spectral 
radiance of a given frequency from the object being observed, and k is Boltzmann’s constant. 
Equation 1 shows a weak linear dependence between spectral radiance and temperature for 
frequencies in the microwave region. Therefore, changes in emissivity are what causes large 
changes in microwave emissions. Resulting from equation 1, the relationship between black 
body temperature and physical temperature is as follows: 
𝑇𝑏𝑏 = ε𝑇            2 
where 𝑇𝑏𝑏 is the black body temperature, ε is the emissivity, and T is the physical temperature. 
Emissivity is dependent on an objects’ dielectric properties and can range from 0 to 1. The 
emissivity of water is approximately 0.4, whereas the emissivity of solid ice is nearly 1 (A. T.C 
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Chang et al., 1976). Therefore, in a microwave image of floating ice, the ice would appear much 
“warmer” than the surrounding water due to the large difference in emissivity.      
Chang et. al. showed that a snowpack’s emissivity is increased by the presence of liquid 
water, and that the microwave signal originates from only the top layer of a wet snowpack. These 
characteristics impair the accuracy of SWE and snow depth measurements during periods of 
snowmelt or high moisture content, but they also allow for the development of melt detection 
algorithms. The sharp increase of a snowpack’s emissivity has been used to discriminate between 
wet and dry snow to provide more accuracy to SCA maps (Walker & Goodison, 1993). 
Snowmelt was also detected using this property by applying threshold algorithms to diurnal 
fluctuations of microwave temperature brightness intensities, resulting from the initial freeze-
thaw cycle prior to continuous snowmelt. The use of diurnal fluctuations in microwave signals to 
capture snowmelt is referred to as the Diurnal Amplitude Variation (DAV) method. Spring melt 
onset dates were then determined when calibrated DAV threshold values were exceeded 
(Ramage, McKenney, Thorson, Maltais, & Kopczynski, 2006). These algorithms have been 
shown to accurately predict spring snowmelt onset in some regions. However, research 
conducted by (Semmens et al., 2013) has shown that these algorithms are less affective in 
capturing early season snowmelt events.   
  Remote sensing of snow offers a relatively inexpensive means to measure snowpack 
parameters and infer the timing and distribution of snowmelt events on a global scale, but there 
are limitations and uncertainties of remote sensing of snow that degrades the reliability of the 
inferred snowpack parameters. The performance of snowmelt detection algorithms varies 
considerably between regions with certain topographic characteristics. Areas that are 
characterized by a dense canopy cover tend to emit microwave signatures that differ as compared 
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to open areas (Vuyovich, Jacobs, & Daly, 2014). The representative grain size of a snowpack 
also hinders the accuracy of the microwave signature reaching the sensors (Josberger & 
Mognard, 2002). Additionally, microwave signals are not able to penetrate deep snowpacks, 
which results in failure to make any meaningful measurements (Josberger & Mognard, 2002). 
To combat the spatial limitations of remote sensing of snow, a statistically derived 
dynamic DAV melt detection algorithm (D-DAV) has been proposed by Tedesco et. al. The D-
DAV algorithm uses microwave emissions data from previous years for a specific watershed to 
determine an appropriate DAV threshold value for identifying melt (Tedesco, Brodzik, 
Armstrong, Savoie, & Ramage, 2009). The afternoon temperature brightness threshold value is 
then determined as the transitional brightness temperature of the bimodal distribution of warm 
and cold pixels (Tedesco et al., 2009). Other robust algorithms have been developed and 
implemented to physically account for the degree of microwave absorption and scattering related 
to the characteristic grain size of a snowpack (Josberger & Mognard, 2002). These algorithms 
have shown improved results in correctly identifying snow melt and snow parameters in the 
northern latitudes.  
Another early melt detection algorithm proposed by Grenfell & Putkonen (2008) 
investigates how the different polarization orientations are altered by the presence of liquid water 
within a snowpack. Grenfell & Putkonen (2008) produced reliable measurements in reference to 
ground observation data and a physics-based emissions model for an island in the Canadian Artic 
Archipelago that experienced a severe rain-on-snow event. Their results also showed that this 
approach of detecting rain-on-snow events was able to capture the restructuring of the snowpack 
after the rain-on-snow event.  
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The purpose of this research is to test the reliability and accuracy of these early melt 
detection algorithms throughout numerous watersheds with varying topographic characteristics 
in the mid latitudes. The major goal of this study is to determine the watershed characteristics 
that impair the ability of the algorithms to detect early melt events. Chapter 2 introduces three 
microwave snowmelt detection algorithms, as well as all datasets used for this study. Chapter 3 
contains all results, including 2 case studies of severe early winter floods in the CONUS. 
Chapters 4 and 5 place this research in context of previous studies, and provides suggestions for 




2 CHAPTER 2 - METHODS 
 
2.1 Snowmelt Detection Algorithms  
 
Early winter snowmelt detection was conducted via three different algorithms. Two of 
the algorithms, diurnal amplitude variation and polarization ratio, were previously used in high 
latitude regions. This research introduces an additional method to account for the climatological 
and snowpack differences in mid-latitude regions. Each algorithm was tested to determine their 
ability to capture the timing and spatial extent of early snowmelt events. 
2.1.1 Frequency Difference  
 
To reflect the climatological characteristics for warmer mid-latitude regions, an 
experimental, frequency difference, algorithm was tested. Equation 3 illustrates the relationship 
between the 19GHz and 36GHz channels used to identify snowmelt.  
𝑇𝑏(𝑣 − 𝑝𝑜𝑙, 19)  − 𝑇𝑏(𝑣 − 𝑝𝑜𝑙, 36)  ≤ 0 K       3 
In equation 3, Tb is the measured temperature brightness of the 19 and 36 GHz frequencies. The 
vertical component of both frequencies was used because it has been shown to be less sensitive 
to the physical properties of snow cover (i.e. grain size, stratigraphy) as compared to the 
horizontal component (Kelly, Chang, Tsang, & Foster, 2003). The algorithm is therefore 
primarily sensitive to abrupt reductions in the scattering effect of snow as a result of increases in 
liquid water content.    
The development of the frequency difference snowmelt detection algorithm was in 
response to findings by Walker and Goodison. Walker and Goodison used the sharp increase of a 
wet snowpack’s emissivity to discriminate between wet snow and snow free areas to aid in the 
performance of satellite snow cover monitoring products (Walker & Goodison, 1993). Vuyovich 
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et. al. also found sharp drops in remotely sensed snow water equivalent (SWE) estimations that 
coincided with snowmelt conditions. The SWE algorithm uses the difference between the 
temperature brightness of the 19 GHz and 36 GHz channels to infer the SWE within a snowpack. 
Because of the abrupt reduction in the scattering effect of snow resulting from increases in liquid 
water content, the difference in brightness temperature between the two channels is reduced 
when the snowpack wets, and the SWE algorithm approaches 0. Vuyovich et. al. (2014) 
suggested that this characteristic could be used to detect the timing and spatial extent of 
snowmelt. 
2.1.2 Diurnal Amplitude Variation 
 
The diurnal amplitude variation (DAV) algorithm has been used by Semmens et al. 
(2013) and others to detect spring snowmelt onset in high latitude regions. The DAV algorithm 
seeks to identify snowmelt via the large emissivity differences between a wet and dry snowpack. 
Liquid water within a snowpack increases the snowpack’s emissivity. Prior to melt or when the 
liquid water refreezes, the snowpack’s emissivity is considerably lower than when the snowpack 
is wet. A large daily emissivity difference should occur when a rain-on-snow event occurs, or 
above freezing air temperatures during the daytime lead to snowmelt and nighttime conditions 
allow for the snowpack to refreeze. Thus, the DAV algorithm requires microwave temperature 
brightness data from both early morning and afternoon satellite overpasses. The DAV algorithm 
identifies snowmelt periods when the following conditions are met:    
|𝑇𝑏𝐴 − 𝑇𝑏𝐷| > 10 𝐾          4 
𝑇𝑏𝐴 > 252 𝐾           5 
where TbA is the temperature brightness of the ascending pass (afternoon) and TbD is the 
temperature brightness of the descending pass (early morning). The early morning and afternoon 
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satellite overpasses are approximately 12 hours apart. The first condition ensures a significant 
difference in the liquid water content as a result of diurnal melt conditions. For spring snowmelt 
detection, the literature suggests a threshold of 18 K. However, Semmens et. al. (2013) found 
that a lower DAV threshold value would be more appropriate for early winter snowmelt, and 
suggested a threshold value of 10 K. For this study this is the DAV threshold value that was 
used. The second condition ensures that the snowpack temperature is high enough for snowmelt 
to occur. A value of surface emissivity is assumed and considered constant when translating the 
measured temperature brightness to a physical surface temperature indicative of snowmelt. This 
algorithm uses the 36 GHz vertically polarized channel because of its contrasting response to dry 
and wet snow (Hallikainen, Ulaby, & Abdelrazik, 1986).  
2.1.3 Polarization Ratio 
 
The gradient polarization ratio algorithm has also been applied successfully to capture 
and quantify the effects of rain-on-snow events in high-latitude regions (Grenfell & Putkonen, 
2008). The gradient polarization ratio algorithm relies on polarization changes which occur 
during and following snowmelt events. The observed polarization ratio changes are a result of 
the formation and evolution of water layers and ice layers during and following a snowmelt 
event. Grenfell & Putkonen (2008) used two metrics to analyze the condition of a snowpack. The 
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Where Tb is the temperature brightness of the 19 or 36 GHz channel. Both vertical and 
horizontal polarizations are used to determine the percent difference in the degree of polarization 
during a snowmelt event.  
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where Tb is the temperature brightness of the 37 GHz and 19 GHz channels. This metric could 
be used with either the horizontal or vertical polarizations. Grenfell & Putkonen (2008) used the 
gradient ratio metric combined with the polarization metrics to identify snow grain 
metamorphism, particularly the formation of ice layers, throughout and following a rain-on-snow 
event in Banks Island, Canada. Notably, the polarization and gradient ratio metrics seek to be 
independent of a snowpack’s physical temperature. The algorithm output solely reflects observed 
changes to the transmission of microwave radiation as a result of snowmelt. This is an advantage 
over the DAV algorithm because large diurnal fluctuations in air temperature do not lead to false 
detections of snowmelt.   
2.2 Datasets 
 
The snowmelt detection algorithms were applied using observations from satellite based 
instrumentation. The microwave temperature brightness data was measured by the Advanced 
Microwave Scanning Radiometer (AMSR-E) aboard NASA’s Aqua satellite and the Special 
Sensor Microwave Imager (SSM/I) aboard the Defense Meteorological Satellite Program 
(DMSP) satellite series. Both instruments record the intensity of naturally emitted microwave 
energy expressed in units of temperature brightness. SSM/I detects radiation in the 19.35, 22.2, 
37.0, and 85.5 GHz microwave frequencies. For each frequency SSM/I captures the vertical and 
horizontal polarization orientation components. AMSR-E records the 6.9, 10.7, 18.7, 23.8, 36.5, 
89.0 GHz microwave frequencies and captures the same polarization components as SSM/I. 
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The daily number of overpasses for both SSM/I and AMSR-E vary with latitude. Higher 
latitude regions can have upwards of 8 overpasses due to swath overlap. For global consistency 
the temperature brightness products reflect diurnal overpass times, one overpass occurring in the 
early morning and one in the afternoon.  The post-processed and 25 km spatially gridded 
temperature brightness observations were obtained from The National Snow and Ice Data Center 
(NSIDC) (Ashcroft & Wentz, 2013) and used to evaluate the three snowmelt detection 
algorithms. 
The Moderate Resolution Imaging Spectroradiometer (MODIS) aboard NASA’s Terra 
and Aqua satellites was used to infer snow covered area (SCA). The MODIS instrument captures 
36 spectral bands ranging from wave lengths of 620 nanometers to 14.385 micrometers. Between 
both MODIS instruments the entire earth is imaged on a daily basis. 
To evaluate changes in SCA on a daily basis within basins effected by early winter 
snowmelt flood events, MODIS false color composites were made using band combinations 
outside of the visible range. It has been shown that the combination of two shortwave infrared 
bands and the visible blue band separates the visual representation of snow cover from that of 
clouds as well as bare land and surface water. However, all clouds still tend of obscure the scene 
below them in the false color composites, although to a lesser degree as compared to true color 
images (Loss, Fuell, & Stano, 2009).   
The 8-day MODIS snow cover product (MOD10A2) was used to determine the spatial 
extent of snow cover preceding and following the flood events. The MOD10A2 algorithm uses 
MODIS observations to determine the maximum SCA observed over an 8-day period as well as 
the chronological occurrence of the observed snow cover. The 8-day composite reduces the 
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number of pixels that are obscured by clouds for any given scene and provides a good 
representation of SCA leading into and following snowmelt events (Hall, 2016). 
 Delineated United States Geological Survey (USGS) basins, with corresponding physical 
attributes were obtained from the Geospatial Attributes of Gages for Evaluating Streamflow 
(GAGES II) dataset (Carlisle, Wolock, & Meador, 2011). The GAGES II dataset provides 
delineated basins corresponding to 9,322 USGS stream flow gages throughout the CONUS, as 
well as Alaska, Hawaii, and Puerto Rico. This dataset was used to isolate study areas so that a 
direct comparison between snowmelt and stream flow could be made. The basin averaged 
historical long term monthly mean air temperature and precipitation attributes were used to 
compare early-winter snowmelt conditions to typical values. The long term weather attributes are 
based on 4 kilometer Parameter Elevation Regression on Independent Slopes Model (PRISM) 
data and are provided for each basin within the GAGES II dataset.          
 The Daymet dataset was used to establish the spatial distribution of daily air temperature 
and precipitation over basins that experienced early winter snowmelt events. The dataset was 
also used to determine variations in long-term regional average winter air temperatures. The 
Daymet products were derived from interpolation of ground observations from the National 
Climatic Data Center and the National Resource Conservation Service station data (Thornton, 
Running, & White, 1997). The Daymet dataset has a daily time step, as well as monthly 
averages, ranging from 1980 to present with spatial coverage extending across North America at 
a 1 km spatial resolution (Thornton et al., 1997).  
Ground observations of snow depth, precipitation, air temperature and river discharge were 
also used to establish the daily meteorological conditions within selected basins. The ground 
observations were retrieved from the Global Historical Climatology Network (GHCN). The 
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dataset merges various data sources, which are all subjected to quality control measures. The 
GHCN dataset is made available by the National Oceanic and Atmospheric Association 
(NOAA). River discharge data was obtained from the United States geological survey (USGS) 
for the respective basins presented in this study.     
  The physical characteristics of the basins presented in this study were obtained from 
various remote sensing products. Relevant basin characteristics include vegetation cover, 
elevation range and the density of developed land. Remote sensing products were used to infer 
these variables because of their wide spatial coverage and well-established accuracy.          
The Vegetation Continuous fields (VCF) product was derived using MODIS imagery to 
infer the density of various land cover types including percent tree cover, percent non-tree 
vegetation and percent bare. The product is global in scale and has a period of record ranging 
from 2000 to present (DiMiceli et al., 2011).  
The National Land Cover Dataset (NLDC) was used to establish measures of land cover 
classes within each basin presented in this study. Developed by the Multi-Resolution Land 
Characteristics (MRLC) Consortium, NLCD provides spatial land cover classifications of the 
continental United States. Multiple 30-meter resolution maps are available that represent the land 
cover of the continental United States from 1992, 2001, 2006 and 2011. Classification was 
primarily achieved using Landsat observations. The classification scheme distinguishes between 
water, varying types of vegetation, barren land, and developed areas (Homer et al., 2015).      
The Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) was 
used to determine the mean elevation and the spatial distribution of the elevation within each 
basin presented in this study. The SRTM DEM was developed by using two offset radar images 
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of the earth to infer heights on the earth’s surface. The DEM has nearly global coverage at a 90m 
resolution (USGS, 2004).   
2.3 Early Winter Flood Events 
 
To evaluate the response of early winter snowmelt on microwave signatures, the 
Dartmouth Flood Observatory (DFO) archive was used. DFO maintains a detailed database of 
flood events on a global scale. The inundation extents and cause of flood events are derived from 
MODIS imagery, station observations and news reports. The inundation extents are provided as a 
polygon shape file and all pertinent information related to the cause and severity of the flood 
events is provided. The archive includes floods ranging back to 1985 and is being continuously 
updated.           
The Dartmouth Flood Observatory documented of occurrence of 73 winter floods, taking 
place between December and March, within North America from 1985 through 2015 (Table 
2-1). The majority of these flood events affected regions within the eastern portion of the 
continental United States (CONUS) interior plains, as well as the pacific coast and intermountain 
regions of the CONUS (Figure 2-1). This dataset was used to isolate regions that were affected 








Table 2-1: All North America winter floods identified by the Dartmouth Flood Observatory. The 
inundation area, inundation start and end date, and the number of fatalities and displaced 








End Date Fatalities Displaced 
9 USA 210528 2/22/1985 3/1/1985 7 2250 
11 USA 26266 3/3/1985 3/8/1985 4 2400 
12 USA 26527 3/13/1985 3/14/1985 0 80 
14 USA 16884 3/30/1985 3/31/1985 0 300 
69 USA 2797 12/30/1985 12/31/1985 0 100 
70 USA 1742 1/1/1986 1/6/1986 0 100 
72 USA 88717 2/12/1986 2/27/1986 18 30000 
161 USA 16161 12/25/1987 12/29/1987 3 6000 
287 USA 31247 2/11/1989 2/13/1989 7 17000 
292 USA 2594 3/18/1989 3/27/1989 15 0 
384 USA 15159 12/15/1989 1/15/1990 0 0 
386 USA 86747 1/9/1990 1/11/1990 4 3000 
487 USA 177859 12/31/1990 1/3/1991 0 3500 
601 USA 210360 12/2/1991 12/3/1991 4 0 
626 CAN 7997 2/27/1992 2/29/1992 0 4000 
631 USA 1311 3/12/1992 3/14/1992 0 0 
633 CAN 387 3/14/1992 3/14/1992 0 53 
733 USA 25231 3/7/1993 3/12/1993 2 1500 
927 USA 81499 1/3/1995 1/17/1995 11 6000 
940 USA 196020 3/8/1995 3/20/1995 15 10000 
1046 USA 136059 1/15/1996 1/21/1996 35 200000 
1048 CAN 1270 1/19/1996 1/25/1996 0 12000 
1056 USA 482618 2/7/1996 2/13/1996 7 24900 
1140 USA 272685 12/26/1996 1/3/1997 10 50 
1141 USA 156687 1/1/1997 2/1/1997 20 100000 
1146 USA 30333 2/21/1997 2/25/1997 0 700 
1149 USA 179911 2/28/1997 3/15/1997 50 0 
1151 USA 65906 3/15/1997 3/19/1997 4 600 
1210 USA 717982 12/26/1996 1/3/1997 23 110000 
1302 USA 63271 2/3/1998 2/21/1998 13 3500 
1479 USA 105292 12/27/1998 12/30/1998 0 70 
1485 USA 18265 1/4/1999 1/10/1999 0 0 
1486 USA 21898 1/4/1999 1/10/1999 0 0 
1585 USA 55643 2/18/2000 2/22/2000 8 40 
1697 USA 24 2/27/2001 3/1/2001 0 200 
1867 USA 87112 1/23/2002 1/29/2002 6 0 
1893 USA. 40931 3/17/2002 3/24/2002 7 2000 
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2104 USA 44627 12/14/2002 12/24/2002 6 0 
2113 USA 20635 12/28/2002 12/31/2002 0 0 
2121 USA 1682 1/4/2003 1/8/2003 0 0 
2157 CAN 1015 2/15/2003 2/21/2003 0 1100 
2159 USA 42500 2/15/2003 2/18/2003 2 100 
2168 USA 82478 2/22/2003 2/23/2003 2 0 
2177 USA 32682 2/26/2003 3/7/2003 0 0 
2182 USA 30707 3/17/2003 3/21/2003 0 0 
2183 USA 269997 3/19/2003 3/31/2003 0 0 
2412 USA 167998 1/4/2004 1/16/2004 2 60 
2446 USA 70497 3/5/2004 3/7/2004 3 0 
2452 CAN 87 3/6/2004 3/8/2004 0 38 
2455 USA 108614 3/4/2004 3/8/2004 0 30 
2462 USA 30762 3/28/2004 4/11/2004 0 1000 
2606 USA 285909 1/5/2005 2/1/2005 3 4000 
2610 USA 71018 1/10/2005 1/13/2005 1 850 
2771 CAN 1835 12/5/2005 12/16/2005 0 56 
2776 USA 140515 12/31/2005 1/18/2006 0 4000 
2818 USA 6790 3/12/2006 3/22/2006 2 0 
2829 USA 15350 3/30/2006 4/25/2006 1 0 
3236 USA 41684 12/3/2007 12/7/2007 2 1100 
3253 USA 551 1/5/2008 1/9/2008 0 1500 
3255 USA 102263 1/8/2008 1/15/2008 5 500 
3268 USA 118977 2/6/2008 2/12/2008 0 150 
3424 USA 66257 12/26/2008 12/28/2008 0 0 
3595 USA 103983 1/18/2010 1/22/2010 3 0 
3625 USA 1015176 3/10/2010 3/24/2010 0 0 
3629 USA 240302 3/27/2010 3/31/2010 0 0 
3761 CAN 19019 12/14/2010 12/20/2010 0 1000 
3762 USA 355568 12/19/2010 12/28/2010 0 1000 
3785 USA 1163517 3/7/2011 3/28/2011 1 0 
3913 CAN 5441 3/25/2012 3/30/2012 0 500 
4115 USA 16070 12/22/2013 1/4/2014 5 0 
4208 USA 202666 12/1/2014 12/5/2014 0 40 
4213 USA 70256 12/11/2014 12/14/2014 3 0 











3 CHAPTER 3 - RESULTS 
 
3.1 Rain-on-Snow Events  
 
The 73 early winter flood events that were identified from the DFO archives were filtered 
to exclude events where snowmelt did not contribute to the flood waters, as well as events that 
were initiated, entirely or partially, by spring snowmelt. To determine the primary cause of each 
flood event, and to determine if snowmelt contributed to the flood waters, the contributing areas 
of each event were delineated in ArcMap using the inundation shapefiles provided by the DFO 
and the SRTM DEM of North America. The delineated contributing areas were then used to 
determine if there was any significant snowmelt reported from GHCN meteorological stations 
within the flood region that corresponded to the respective inundation dates. Because only a 
small portion of GHCN stations report SWE, snowmelt was inferred based on observed drops in 
snow depth. These flood events were then classified by flood type, as shown in Table 3-1 and 
Table 3-2 . Figure 3-1 shows the type and geographic location of each flood event. Of these 
flood events, 22 had little or no contributing snowmelt. Further, 12 flood events were initiated by 
spring snowmelt, two were excluded because they were caused by a combination of above 
freezing temperatures and the release of river ice jams, and four more were excluded because the 
cause of each respective flood could not be determined. Therefore, of the 73 identified early 
winter floods 35 were determined to have been caused by ROS.   
To quantify the overall magnitude of the flood events, a log transformation for the 
product of the inundation extent, duration, and severity of the documented floods has been 
suggested. This calculation provides a continuous indicator of flood magnitude that incorporates 
the spatial and temporal scale of the events, as well as the resulting economic damages and loss 
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of life. All three parameters were determined by the DFO. The severity parameter was estimated 
based on an approximation of the respective recurrence intervals and news reports (Kundzewicz, 
Pinskar, & Brakenridge, 2013). 
Figure 3-2 shows the frequency distribution of flood magnitude for early winter flood 
events that were solely caused by rain (i.e. no snowmelt contributed to the respective floods), 
compared to the distribution of flood magnitude for ROS events. ROS events tend to have larger 
impacts as compared to winter flood events with little or no snowmelt. Two of the ROS events 
reached a magnitude of nearly eight (a calculated magnitude greater than seven represents an 
extreme flood event). The majority of the ROS events were characterized by a flood magnitude 
ranging between five and seven.  
The locations of the centroid of inundation for all documented ROS flood events are 
shown over the long-term (1988-2015) observed mean winter air temperature, as well as the 
long-term observed standard deviation in the winter air temperature (Figure 3-3 and Figure 3-4). 
Figure 3-5 shows the relationship between the long-term mean winter air temperature and the 
long-term standard deviation in winter air temperature for each ROS event. The inverse linear 
relationship shown in Figure 3-5 illustrates the climatic conditions that lead to ROS flood events. 
Greater variability in air temperature was observed in cold regions that experienced ROS events.  
Four of the documented ROS events occurred within regions with mean long-term winter 
air temperatures below -5◦C. Two of these events occurred in southern Quebec, Canada, one 
occurred in northern New York, and the final occurred in northern Vermont. The mean long-term 
winter air temperature in these regions ranged between -10.3 and -6.1◦C, with a long-term 
standard deviation in winter air temperature between 3.5 and 3.8◦C. Regions with mean winter 
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temperatures above freezing generally saw less variability in air temperature. Eight of the 
documented ROS events occurred in regions with a mean long-term winter air temperature 
greater than 5◦C. The mean winter temperature for these ROS events ranged between 5 and 10◦C, 
with a standard deviation of 2.5◦C. Figure 3-5 also shows a similar relationship for the respective 
winter season of each ROS flood event. This indicates that ROS flood events do not solely occur 
during anomalously warm winter seasons.  
Figure 3-6 shows that ROS events are unevenly distributed across years. The temporal 
variation suggests a potential connection between the occurrence of ROS events and large scale 
weather patterns. Research by (McCabe et al., 2007) indicated that the ENSO signal was 
correlated with the occurrence of ROS events.       
Of the 33 identified ROS flood events, several lacked the ground or satellite observations 
necessary to capture the events. The initial three ROS flood events, which occurred between 
1985 and 1987, were excluded from this study because they preceded the launch of SSM/I. An 
additional five flood events were excluded due to the lack of gaged river basins within the 
contributing area of the flood, and/or a scarcity of meteorological observations. The remaining 
25 winter flood events are listed in Table 3-3.      
For each of these 25 early winter ROS flood events, affected USGS basins within the 
contributing area of the respective floods were identified (Table 3-4). USGS basins that 
experienced both snowmelt and high river flows were chosen for basin scale analysis of 
snowmelt and flooding (Table 3-4). When multiple basins were available, a subset were chosen 
to represent a wide range of physical characteristics (Table 3-5). Figure 3-7 shows that most 
basins were 5 to 15% developed. Forest cover ranged between 10 and 80% coverage and was 
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uniformly distributed throughout this range. Vegetation cover ranged from 5 to 60% coverage. 
The smallest basin included in this dataset has an area of approximately 12500 km2, and the 
largest basin exceeds 34700 km2. The mean elevation of the basins spanned from just over 200 to 
over 2000 meters above sea level. A wide variety in interior basin elevation variability is also 
represented. The standard deviation in elevation for each basin ranged from 18 to 1100 m, with 
an average standard deviation of 230 m.     
Table 3-6 gives the date and value for the initial increase in the streamflow hydrograph 
and the peak flow resulting from each early winter flood event. For comparison, the average 
historic peak flows, within the same month as the observed peak flood flows, are also shown. As 
anticipated the majority of the flood flows exceeded the mean historic peak flow. The maximum 
difference between the observed and historic peak flows was approximately 5100 cubic meters 
per second (cms), and the mean difference was 1010 cms. The initial flows preceding flood 
flows were generally low in accordance with winter freeze up conditions. The average base flow 
was only 230 cms, whereas the average flood flow increased to over 1600 cms. Figure 3-8 shows 
the observed excess flows (peak flow minus pre-flood base flow), normalized by the respective 
basin areas, plotted against the observed average snow depth (determined by averaging all 
observations from GHCN stations within each respective basin) prior to each ROS flood event. 
The upward trend in Figure 3-8 illustrates the flooding potential of a deep snowpack.  
Table 3-7 shows the observed cumulative precipitation for each flood event and the 
maximum air temperature that occurred over the duration of the rain. PRISM modeled 30-year 
averages of precipitation and temperature for the respective months of each flood event are also 
shown in Table 3-7. The observed cumulative depth of precipitation of the selected ROS events 
ranged from just under 10 mm to over 250 mm, with an average value of 77 mm. Although the 
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observed cumulative precipitation for most selected ROS events did not significantly differ from 
PRISM values, all ROS events experienced significantly higher average daily air temperatures 
compared to long term average PRISM values. The observed maximum mean daily air 
temperature averaged over all of the ROS events was calculated to be 6.8◦C, whereas the 
respective long term average modeled value was calculated to be -1.2◦C. Once again, this 
observation indicates the significant runoff contribution associated with snowmelt.    
To establish the change in SCA resulting from each respective flood, MODIS 8-day 
composite images (MOD10A2) were used to determine the SCA prior to and following each 
flood event. Table 3-8 shows the percent SCA and bare ground before and after each event. The 
initial 19 ROS events preceded MODIS, and therefore observations of SCA were not obtainable. 
For the ROS events where MODIS data were available, SCA was determined for the 23 USGS 
basins. Of the 23 USGS basins 17 reported a reduction in SCA, with an average depletion of 
38%. In early January, 2008, the Kankakee River basin in Wilmington, Illinois saw the greatest 
reduction in SCA of 82%. The observed increase in SCA following flooding for eight of the 
USGS basins (three ROS events), was a result of the precipitation followed by snow fall for the 
respective flood events. The 8-day window used by the MOD10A2 product was not able of 








Table 3-1: All North America winter floods identified by the DFO. The inundation area, start 
date, end date, country and flood type are shown. The flood magnitude as indicated by the DFO 
is also shown.  




End Date Magnitude 
9 SM USA 2/22/1985 3/1/1985 6.47 
11 SM USA 3/3/1985 3/8/1985 5.42 
12 NS USA 3/13/1985 3/14/1985 4.42 
14 NS USA 3/30/1985 3/31/1985 4.23 
69 ROS USA 12/30/1985 12/31/1985 3.45 
70 NS USA 1/1/1986 1/6/1986 3.94 
72 ROS USA 2/12/1986 2/27/1986 6.43 
161 ROS USA 12/25/1987 12/29/1987 5.11 
287 I USA 2/11/1989 2/13/1989 4.80 
292 SM USA 3/18/1989 3/27/1989 4.37 
384 NS USA 12/15/1989 1/15/1990 5.67 
386 ROS USA 1/9/1990 1/11/1990 5.54 
487 ROS USA 12/31/1990 1/3/1991 5.73 
601 NS USA 12/2/1991 12/3/1991 5.32 
626 ROS Canada 2/27/1992 2/29/1992 4.20 
631 ROS USA 3/12/1992 3/14/1992 3.72 
633 I Canada 3/14/1992 3/14/1992 NA 
733 EM USA 3/7/1993 3/12/1993 5.10 
927 ROS USA 1/3/1995 1/17/1995 6.06 
940 SM USA 3/8/1995 3/20/1995 6.37 
1046 ROS USA 1/15/1996 1/21/1996 5.91 
1048 ROS Canada 1/19/1996 1/25/1996 3.88 
1056 ROS USA 2/7/1996 2/13/1996 6.46 
1140 NS USA 12/26/1996 1/3/1997 6.34 
1141 ROS USA 1/1/1997 2/1/1997 6.99 
1146 ROS USA 2/21/1997 2/25/1997 5.08 
1149 ROS USA 2/28/1997 3/15/1997 6.73 
1151 SM USA 3/15/1997 3/19/1997 5.42 
1210 ROS USA 12/26/1996 1/3/1997 6.76 
1302 NS USA 2/3/1998 2/21/1998 6.36 
1479 ROS USA 12/27/1998 12/30/1998 5.50 
1485 ROS USA 1/4/1999 1/10/1999 5.04 
1486 ROS USA 1/4/1999 1/10/1999 5.12 
1585 ROS USA 2/18/2000 2/22/2000 5.35 
1697 NS USA 2/27/2001 3/1/2001 1.99 
1867 ROS USA 1/23/2002 1/29/2002 5.72 
1893 NS USA. 3/17/2002 3/24/2002 5.76 
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2104 NS USA 12/14/2002 12/24/2002 5.65 
2113 NS USA 12/28/2002 12/31/2002 4.79 
2121 NS USA 1/4/2003 1/8/2003 3.83 
2157 I Canada 2/15/2003 2/21/2003 3.78 
2159 ROS USA 2/15/2003 2/18/2003 5.11 
2168 ROS USA 2/22/2003 2/23/2003 4.92 
2177 ROS USA 2/26/2003 3/7/2003 5.47 
2182 SM USA 3/17/2003 3/21/2003 5.09 
2183 NS USA 3/19/2003 3/31/2003 6.51 
2412 NS USA 1/4/2004 1/16/2004 6.30 
2446 NS USA 3/5/2004 3/7/2004 5.15 
2452 ROS Canada 3/6/2004 3/8/2004 2.54 
2455 NS USA 3/4/2004 3/8/2004 5.64 
2462 SM USA 3/28/2004 4/11/2004 5.94 
2606 ROS USA 1/5/2005 2/1/2005 7.19 
2610 ROS USA 1/10/2005 1/13/2005 5.63 
2771 I Canada 12/5/2005 12/16/2005 4.61 
2776 NS USA 12/31/2005 1/18/2006 6.40 
2818 ROS USA 3/12/2006 3/22/2006 4.83 
2829 SM USA 3/30/2006 4/25/2006 5.60 
3236 ROS USA 12/3/2007 12/7/2007 5.22 
3253 NS USA 1/5/2008 1/9/2008 3.34 
3255 ROS USA 1/8/2008 1/15/2008 6.03 
3268 ROS USA 2/6/2008 2/12/2008 6.03 
3424 EM USA 12/26/2008 12/28/2008 5.12 
3595 NS USA 1/18/2010 1/22/2010 5.80 
3625 SM USA 3/10/2010 3/24/2010 7.15 
3629 SM USA 3/27/2010 3/31/2010 6.28 
3761 ROS Canada 12/14/2010 12/20/2010 5.23 
3762 NS USA 12/19/2010 12/28/2010 6.68 
3785 ROS USA 3/7/2011 3/28/2011 7.56 
3913 SM Canada 3/25/2012 3/30/2012 4.61 
4115 ROS USA 12/22/2013 1/4/2014 5.32 
4208 NS USA 12/1/2014 12/5/2014 5.91 
4213 NS USA 12/11/2014 12/14/2014 5.32 







Table 3-2: Main cause of each winter flood event and the frequency with which they were 
identified by the DFO.  
Code Explanation Frequency 
ROS Rain-on-Snow Event 33 
SM Spring Melt 12 
NS No Snow Melt 22 
EM Early Snow Melt (No ROS) 2 
I Indeterminate 4 
 
Figure 3-1: Location and flood type of each winter flood event. Flood types include early 











Figure 3-2: Frequency distributions of the calculated flood magnitudes for two subsets of all 
observed early winter floods. No Snowmelt events (Blue) include winter floods where no 
snowmelt was observed. ROS events (orange) include all floods that were caused by rain-on-

































Figure 3-3: Location of ROS events by DFO ID plotted over the mean winter (Dec-March) 




Figure 3-4: Location of ROS events by DFO ID plotted over the standard deviation of winter 





Figure 3-5: Relationship between the long-term (1988-2015) mean winter (Dec-March) average 
daily air temperature and the standard deviation in the winter air temperature for each ROS 
event. The same relationship is also shown for the respective winter season of each ROS event.   
y = -0.08x + 3.4
R² = 0.40


























Mean Winter Temperature (C)





Figure 3-6: Temporal distribution of documented ROS events. The variation indicates that the 





























































































Table 3-3:  Identified ROS events where microwave observations were available. The respective 
inundation dates and flood magnitudes as identified by the DFO are also shown. These flood 
events were used for a basin scale analysis of the microwave response to ROS flood events.    





386 ROS USA 1/9/1990 1/11/1990 5.54 
487 ROS USA 12/31/1990 1/3/1991 5.73 
927 ROS USA 1/3/1995 1/17/1995 6.06 
1046 ROS USA 1/15/1996 1/21/1996 5.91 
1048 ROS Canada 1/19/1996 1/25/1996 3.88 
1056 ROS USA 2/7/1996 2/13/1996 6.46 
1141 ROS USA 1/1/1997 2/1/1997 6.99 
1146 ROS USA 2/21/1997 2/25/1997 5.08 
1149 ROS USA 2/28/1997 3/15/1997 6.73 
1210 ROS USA 12/26/1996 1/3/1997 6.76 
1479 ROS USA 12/27/1998 12/30/1998 5.50 
1485 ROS USA 1/4/1999 1/10/1999 5.04 
1585 ROS USA 2/18/2000 2/22/2000 5.35 
2159 ROS USA 2/15/2003 2/18/2003 5.11 
2168 ROS USA 2/22/2003 2/23/2003 4.92 
2177 ROS USA 2/26/2003 3/7/2003 5.47 
2452 ROS Canada 3/6/2004 3/8/2004 2.54 
2606 ROS USA 1/5/2005 2/1/2005 7.19 
2610 ROS USA 1/10/2005 1/13/2005 5.63 
2818 ROS USA 3/12/2006 3/22/2006 4.83 
3236 ROS USA 12/3/2007 12/7/2007 5.22 
3255 ROS USA 1/8/2008 1/15/2008 6.03 
3268 ROS USA 2/6/2008 2/12/2008 6.03 
3785 ROS USA 3/7/2011 3/28/2011 7.56 











Table 3-4: Stream gage names and 8-digit hydrologic unit codes (HUCs) of selected USGS 
basins that were affected by identified flood events.  
DFO ID USGS Basin ID USGS Basin Name 
386 "12433000" SPOKANE RIVER AT LONG LAKE, WA 
 "12508990" YAKIMA RIVER AT MABTON, WA 
487 "03374000" WHITE RIVER AT PETERSBURG, IN 
 "03340500" WABASH RIVER AT MONTEZUMA, IND. 
927 "11389500" SACRAMENTO R A COLUSA CA 
1046 "03036500" ALLEGHENY RIVER AT KITTANNING, PA 
 "01551500" WB SUSQUEHAN RIVER AT WILLIAMSPORT, PA 
 "01533400" SUSQUEHAN RIVER AT MESHOPPEN, PA 
 "03085000" MONONGAHELA RIVER AT BRADDOCK, PA 
1048 "03025500" ALLEGHENY RIVER AT FRANKLIN, PA 
 "04192500" MAUMEE RIVER NEAR DEFIANCE OH 
1056 "13340000" CLEARWATER RIVER AT OROFINO ID 
 "12508990" YAKIMA RIVER AT MABTON, WA 
1141 "11274000" SAN JOAQUIN R NR NEWMAN CA 
 "11406999" FEATHER R A OROVILLE R ONLY CA 
1146 "05446500" ROCK RIVER NEAR JOSLIN, IL 
 "05543500" ILLINOIS RIVER AT MARSEILLES, IL 
1149 "03075070" MONONGAHELA RIVER AT ELIZABETH, PA 
 "03374000" WHITE RIVER AT PETERSBURG, IN 
1210 "11274550" SAN JOAQUIN R NR CROWS LANDING CA 
 "12433000" SPOKANE RIVER AT LONG LAKE, WA 
1479 "14103000" DESCHUTES RIVER AT MOODY, NEAR BIGGS, OR 
 "13317000" SALMON RIVER AT WHITE BIRD ID 
1485 "03373500" EAST FORK WHITE RIVER AT SHOALS, IN 
1585 "03234500" SCIOTO RIVER AT HIGBY OH 
2159 "03150000" MUSKINGUM RIVER AT MCCONNELSVILLE OH 
2168 "03198000" KAWHA RIVER AT CHARLESTON, WV 
 "02037500" JAMES RIVER NEAR RICHMOND, VA 
2177 "03049500" ALLEGHENY RIVER AT TRO, PA 
 "03320000" GREEN RIVER AT LOCK 2 AT CALHOUN, KY 
2452 "04249000" OSWEGO RIVER AT LOCK 7, OSWEGO NY 
2606 "05443500" ROCK RIVER AT COMO, IL 
2610 "09419507" MUDDY RV AT LEWIS AVENUE AT OVERTON, NV 
 "09415000" VIRGIN R AT LITTLEFIELD, AZ 
 "09397000" LITTLE COLORADO RIVER AT HOLBROOK, ARIZ. 
2818 "03075070" MONONGAHELA RIVER AT ELIZABETH, PA 
 "03150000" MUSKINGUM RIVER AT MCCONNELSVILLE OH 
3236 "14103000" DESCHUTES RIVER AT MOODY, NEAR BIGGS, OR 
 "14211720" WILLAMETTE RIVER AT PORTLAND, OR 
 "12510500" YAKIMA RIVER AT KIO, WA 
3255 "03342000" WABASH RIVER AT RIVERTON IND 
 "03374000" WHITE RIVER AT PETERSBURG, IN 
 "05527500" KANKAKEE RIVER NEAR WILMINGTON, IL 
3268 "03342000" WABASH RIVER AT RIVERTON IND 
 "04193500" MAUMEE RIVER AT WATERVILLE OH 
3785 "01358000" HUDSON RIVER AT GREEN ISLAND NY 
 "03150000" MUSKINGUM RIVER AT MCCONNELSVILLE OH 
4115 "03237020" SCIOTO RIVER AT PIKETON OH 




Table 3-5: Physical characteristics of selected USGS basins for each ROS event identified by the 
DFO. Vegetation cover is the basin averaged VCF product. Forest cover and developed area are 
basin averages calculated from the NLCD. Basin area, mean elevation and standard deviation in 
elevation were provided in the GAGES II dataset.    
DFO 


















386 "12433000" 16019.2 42.4 61.0 1.8 996.1 310.4 
 "12508990" 13857.7 24.5 43.6 1.4 892.6 435.4 
487 "03374000" 28808.5 22.5 23.9 3.3 272.0 48.9 
 "03340500" 28916.7 7.1 6.8 3.1 237.4 31.1 
927 "11389500” 31751.8 29.1 50.3 0.5 1049.8 600.8 
1046 "03036500" 23225.2 53.0 68.5 1.6 489.5 85.6 
 "01551500" 14703.8 58.1 79.0 1.2 496.1 118.7 
 "01533400" 22604.2 47.9 62.1 2.5 452.2 93.3 
 "03085000" 18994.0 51.5 75.6 3.0 560.9 235.2 
1048 "03025500" 15426.4 54.6 68.6 1.4 501.2 88.5 
 "04192500" 14248.3 6.7 8.4 3.1 262.7 28.9 
1056 "13340000" 14268.9 47.6 71.1 0.1 1443.6 446.0 
 "12508990" 13857.7 24.5 43.6 1.4 892.6 435.4 
1141 "11274000" 29064.8 14.5 21.5 4.6 921.3 1100.8 
 "11406999" 16624.7 27.8 48.5 1.6 1548.1 360.9 
1146 "05446500" 23951.1 8.5 12.9 9.6 267.8 33.7 
 "05543500" 21349.7 8.0 7.1 15.2 207.9 20.3 
1149 "03075070" 13824.0 54.0 76.9 7.9 555.7 249.1 
 "03374000" 28808.5 22.5 29.9 9.9 272.0 48.9 
1210 "11274550" 30039.7 14.3 21.3 4.6 898.5 1091.1 
 "12433000" 16019.2 42.4 59.7 3.3 996.1 310.4 
1479 "14103000" 27772.1 17.1 39.3 1.6 1224.6 346.5 
 "13317000" 34780.6 27.7 54.7 0.4 2059.0 438.7 
1485 "03373500" 12751.3 24.1 31.5 12.1 234.7 46.1 
1585 "03234500" 13284.2 11.9 21.6 12.2 289.2 39.1 
2159 "03150000" 19210.1 34.3 41.5 12.9 320.3 41.1 
2168 "03198000" 27095.2 58.6 75.9 7.2 730.7 227.3 
 "02037500" 17504.7 51.7 69.8 7.2 396.0 270.9 
2177 "03049500" 29543.6 53.6 61.9 9.4 488.4 100.9 
 "03320000" 19591.4 31.0 49.0 6.0 213.6 52.9 
2452 "04249000" 13209.4 39.0 34.9 5.8 256.6 127 
2606 "05443500" 21937.9 11.1 13.5 10.4 272.5 29.9 
2610 "09419507" 18640.6 3.2 21.6 0.5 1516.7 487.3 
 "09415000" 12571.1 5.6 29.1 1.2 1575.5 424.4 
 "09397000" 29327.0 5.6 28.3 0.7 2055.5 250.9 
2818 "03075070" 13824.0 52.0 76.7 8.0 555.7 249.1 
 "03150000" 19210.1 31.6 41.2 13.2 320.3 41.1 
3236 "14103000" 27772.1 19.5 38.4 1.6 1224.6 346.5 
 "14211720" 28936.9 47.2 58.2 6.9 558.2 481.8 
 "12510500" 14536.2 22.8 33.0 4.6 869.0 440.1 
3255 "03342000" 34212.7 7.4 15.8 10.3 230.1 35.9 
 "03374000" 28808.5 19.5 29.8 10.2 272.0 48.9 
 "05527500" 13289.2 6.9 7.3 15.8 212.5 18.3 
3268 "03342000" 34212.7 7.4 15.8 10.3 230.1 35.9 
 "04193500" 16409.4 5.3 7.1 11.5 262.7 30.3 
3785 "01358000" 20981.1 53.7 66.1 5.6 398.2 201.8 
 "03150000" 19210.1 27.8 41.0 13.4 320.3 41.1 
4115 "03237020" 14909.1 13.0 22.7 12.6 285.7 40.7 






Figure 3-7: Distributions of the measured physical characteristics of selected USGS basins. 
Forest and developed coverage were calculated using the National Land Cover Dataset (NLDC). 
Vegetation coverage was calculated using the Vegetation Continuous Fields dataset (VCF) 






















































































% Vegetation Cover (VCF )




Table 3-6: Flow parameters for each affected basin. The mean historic peak flow represents the 
mean peak flow for the month when the ROS flood peak flow occurred from 1971 to the year of 
the respective flood. Base flow represents flow conditions immediately preceding flood flows. 
The rising limb represents the transition from base flow to peak flow. For comparison the peak 
flood flow normalized by area scales the volume of flood water by the basin extent.       
DFO 



















Peak Flow / 
Area 
(m3/s/km2) 
386 "12433000" 1/8/1990 1/16/1990 8 188.0 512.5 324.0 0.031995 
 "12508990" 1/7/1990 1/11/1990 4 60.0 236.2 235.7 0.017042 
487 "03374000" 12/29/1990 1/5/1991 7 1158.2 3086.5 788.7 0.10714 
 "03340500" 12/28/1990 1/1/1991 4 504.0 2888.3 653.6 0.099884 
927 "11389500” 1/3/1995 1/11/1995 8 145.0 1370.5 801.9 0.043164 
1046 "03036500" 1/17/1996 1/20/1996 3 219.7 3907.7 1202.6 0.168253 
 "01551500" 1/18/1996 1/20/1996 2 65.1 5097.0 734.5 0.346645 
 "01533400" 1/18/1996 1/20/1996 2 124.6 6116.4 950.8 0.270587 
 "03085000" 1/17/1996 1/20/1996 3 342.6 5323.6 1409.1 0.280278 
1048 "03025500" 1/17/1996 1/20/1996 3 127.4 1472.5 766.1 0.095452 
 "04192500" 1/16/1996 1/20/1996 4 17.3 1172.3 599.7 0.082278 
1056 "13340000" 2/6/1996 2/9/1996 3 210.7 1537.6 285.9 0.107759 
 "12508990" 2/5/1996 2/10/1996 5 127.4 1245.9 228.9 0.08991 
1141 "11274000" 12/30/1996 1/7/1997 8 226.3 770.2 107.4 0.0265 
 "11406999" 12/26/1996 1/2/1997 7 43.9 3567.9 204.2 0.214615 
1146 "05446500" 2/17/1997 2/23/1997 6 152.9 1132.7 394.7 0.047291 
 "05543500" 2/18/1997 2/22/1997 4 244.4 2537.2 705.3 0.118839 
1149 "03075070" 3/1/1997 3/3/1997 2 281.8 1993.5 1236.7 0.144206 
 "03374000" 2/25/1997 3/6/1997 9 436.1 1767.0 1242.0 0.061335 
1210 "11274550" 12/21/1996 1/8/1997 18 136.8 781.5 54.4 0.026017 
 "12433000" 12/30/1996 1/2/1997 3 181.2 611.6 314.6 0.038182 
1479 "14103000" 12/27/1998 12/29/1998 2 176.1 419.1 266.2 0.01509 
 "13317000" 12/23/1998 12/31/1998 8 64.6 170.2 195.5 0.004893 
1485 "03373500" 1/13/1999 1/24/1999 11 56.6 713.6 440.1 0.055962 
1585 "03234500" 2/11/2000 2/19/2000 8 51.5 1203.5 639.7 0.090594 
2159 "03150000" 2/22/2003 2/25/2003 3 108.5 501.2 708.0 0.026091 
2168 "03198000" 2/21/2003 2/23/2003 2 976.9 3794.5 1789.6 0.140041 
 "02037500" 2/21/2003 2/25/2003 4 288.8 3001.6 874.9 0.171473 
2177 "03049500" 2/22/2003 2/28/2003 6 317.1 809.9 1670.8 0.027412 
 "03320000" 2/13/2003 2/24/2003 11 187.7 1356.4 1025.7 0.069233 
2452 "04249000" 3/2/2004 3/7/2004 5 153.5 535.2 504.2 0.040516 
2606 "05443500" 1/11/2005 1/20/2005 9 100.5 254.9 207.3 0.011617 
2610 "09419507" 1/10/2005 1/12/2005 2 1.2 68.2 0.4 0.003659 
 "09415000" 1/8/2005 1/11/2005 3 6.3 707.9 34.8 0.056312 
 "09397000" 1/3/2005 1/5/2005 2 2.8 31.2 16.0 0.001062 
2818 "03075070" 3/12/2006 3/14/2006 2 84.7 484.2 1298.6 0.035027 
 "03150000" 3/11/2006 3/15/2006 4 107.0 889.1 705.2 0.046285 
3236 "14103000" 12/3/2007 12/5/2007 2 147.5 239.3 272.0 0.008616 
 "14211720" 11/30/2007 12/5/2007 5 911.8 3596.2 3575.0 0.124278 
 "12510500" 12/3/2007 12/6/2007 3 54.9 203.6 200.5 0.014006 
3255 "03342000" 1/8/2008 1/17/2008 9 546.5 1574.4 860.3 0.046018 
 "03374000" 1/8/2008 1/15/2008 7 224.0 1175.1 1103.8 0.040792 
 "05527500" 1/5/2008 1/9/2008 4 162.3 1279.9 369.7 0.096313 
3268 "03342000" 2/4/2008 2/12/2008 8 365.3 2169.1 948.8 0.063399 
 "04193500" 2/4/2008 2/8/2008 4 45.3 2551.3 798.3 0.155481 
3785 "01358000" 3/5/2011 3/12/2011 7 368.1 2160.6 1763.7 0.102977 
 "03150000" 2/14/2011 3/6/2011 20 116.9 1084.5 738.6 0.056456 
4115 "03237020" 12/21/2013 12/26/2013 5 199.1 1101.5 598.7 0.073883 
 "03320000" 12/19/2013 12/23/2013 4 444.6 937.3 845.0 0.031995 
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Table 3-7: Daymet estimates of cumulative precipitation and maximum air temperature 
throughout rain events compared to 30-year modeled averages over the respective months. The 
depth of rain was accumulated from the start of rain date to the peak in the hydrograph.    
DFO 














386 "12433000" 1/5/1990 92.64 111.3 3.55 -3.61 
 "12508990" 1/4/1990 115.45 123.3 3.99 -2.61 
487 "03374000" 12/29/1990 74.49 81.2 7.49 0.16 
 "03340500" 12/29/1990 81.24 69.6 4.54 -1.37 
927 "11389500” 1/7/1995 236.14 160.2 6.41 2.86 
1046 "03036500" 1/19/1996 40.24 74.1 5.08 -5.14 
 "01551500" 1/19/1996 62.51 69.1 4.49 -4.89 
 "01533400" 1/19/1996 50.60 63.1 7.16 -5.64 
 "03085000" 1/19/1996 41.51 92.2 6.98 -2.11 
1048 "03025500" 1/19/1996 38.13 73.9 4.81 -5.39 
 "04192500" 1/18/1996 18.94 51.3 8.05 -4.01 
1056 "13340000" 2/5/1996 92.58 96.4 2.56 -2.47 
 "12508990" 2/5/1996 125.96 90.8 3.25 -0.15 
1141 "11274000" 1/1/1997 103.55 117.3 11.71 5.05 
 "11406999" 12/26/1996 257.02 150.6 8.80 0.1 
1146 "05446500" 2/21/1997 44.07 32.9 1.41 -5.01 
 "05543500" 2/21/1997 61.59 41.6 5.83 -2.81 
1149 "03075070" 2/28/1997 62.63 84.2 12.19 -0.7 
 "03374000" 2/22/1997 83.23 63.4 10.15 -0.25 
1210 "11274550" 12/21/1996 212.29 80.3 11.80 5.51 
 "12433000" 12/21/1996 136.51 126.5 4.14 -2.78 
1479 "14103000" 12/25/1998 51.23 76 4.90 -0.94 
 "13317000" 12/26/1998 48.19 84.6 -0.41 -6.79 
1485 "03373500" 1/13/1999 84.93 69.4 13.30 -1.65 
1585 "03234500" 2/10/2000 78.02 56.5 4.40 -0.96 
2159 "03150000" 2/18/2003 35.01 58 -0.80 -1.51 
2168 "03198000" 2/21/2003 52.12 84.1 5.46 0.72 
 "02037500" 2/21/2003 56.74 78.1 5.51 2.29 
2177 "03049500" 2/22/2003 25.99 65.1 0.69 -3.94 
 "03320000" 2/14/2003 160.19 104 7.99 3.33 
2452 "04249000" 3/4/2004 8.23 55.8 7.63 -4.88 
2606 "05443500" 1/11/2005 29.73 34 1.55 -7.47 
2610 "09419507" 1/8/2005 63.00 30 6.43 1.8 
 "09415000" 1/8/2005 77.00 41 6.34 1.8 
 "09397000" 1/3/2005 24.00 25.5 2.97 -0.95 
2818 "03075070" 3/12/2006 31.91 106.7 12.97 3.88 
 "03150000" 3/12/2006 51.39 77.1 14.19 3.62 
3236 "14103000" 12/2/2007 25.28 76 6.52 -0.94 
 "14211720" 12/2/2007 109.33 255.4 9.85 3.32 
 "12510500" 12/2/2007 75.15 127.6 6.12 -1.74 
3255 "03342000" 1/8/2008 56.54 52.8 14.39 -3.67 
 "03374000" 1/9/2008 58.51 65.9 9.04 -2.03 
 "05527500" 1/8/2008 76.64 47.4 13.87 -4.72 
3268 "03342000" 2/4/2008 80.68 49.9 7.92 -1.87 
 "04193500" 2/4/2008 83.03 47.2 6.30 -2.66 
3785 "01358000" 3/6/2011 108.13 92.3 3.85 -1.37 
 "03150000" 2/21/2011 128.34 77.1 6.41 3.62 
4115 "03237020" 12/20/2013 62.01 73.3 12.94 -0.19 





Table 3-8: MODIS 8-day composite snow cover data prior to and following the flood event. 
DFO 























386 "12433000" No MODIS    No MODIS     
 "12508990" No MODIS    No MODIS     
487 "03374000" No MODIS    No MODIS     
 "03340500" No MODIS    No MODIS     
927 "11389500” No MODIS    No MODIS     
1046 "03036500" No MODIS    No MODIS     
 "01551500" No MODIS    No MODIS     
 "01533400" No MODIS    No MODIS     
 "03085000" No MODIS    No MODIS     
1048 "03025500" No MODIS    No MODIS     
 "04192500" No MODIS    No MODIS     
1056 "13340000" No MODIS    No MODIS     
 "12508990" No MODIS    No MODIS     
1141 "11274000" No MODIS    No MODIS     
 "11406999" No MODIS    No MODIS     
1146 "05446500" No MODIS    No MODIS     
 "05543500" No MODIS    No MODIS     
1149 "03075070" No MODIS    No MODIS     
 "03374000" No MODIS    No MODIS     
1210 "11274550" No MODIS    No MODIS     
 "12433000" No MODIS    No MODIS     
1479 "14103000" No MODIS    No MODIS     
 "13317000" No MODIS    No MODIS     
1485 "03373500" No MODIS    No MODIS     
1585 "03234500" No MODIS    No MODIS     
2159 "03150000" 2/18/2003 99.73 0.0011 0.267 3/6/2003 40.4 53.05 6.57 59.33 
2168 "03198000" 2/10/2003 49.65 33.15 17.19 2/26/2003 6.76 58.97 34.27 42.89 
 "02037500" 2/10/2003 40.35 56.85 2.8 2/26/2003 7.29 86.96 5.75 33.06 
2177 "03049500" 2/18/2003 93.9 0.5 5.49 3/14/2003 59.05 40.83 0.032 34.85 
 "03320000" 2/10/2003 11.32 88.67 0 3/14/2003 0.33 82.75 16.91 10.99 
2452 "04249000" 2/18/2004 95.27 1.19 0.70 3/13/2004 25.17 20.07 52.74 25.17 
2606 "05443500" 1/9/2005 88.0 2.53 9.36 1/17/2005 95.55 0.24 3.93 95.55 
2610 "09419507" 1/1/2005 34.6 30.3 34.8 1/9/2005 34.9 64.8 0.14 -0.3 
 "09415000" 1/1/2005 8.55 26 65.3 1/9/2005 25.3 74.4 0.21 -16.75 
 "09397000" 12/24/2004 11.3 86.8 1.84 1/9/2005 32 67.9 0 -20.7 
2818 "03075070" 2/18/2006 23.76 75.3 0.94 3/22/2006 3.26 70.66 26.07 20.5 
 "03150000" 2/18/2006 0.2 99.8 0 3/22/2006 0.012 97.64 2.35 0.188 
3236 "14103000" 11/25/2007 49.2 41.84 8.8 12/3/2007 23.87 59.3 16.65 25.33 
 "14211720" 11/25/2007 31.63 57.87 10.41 12/3/2007 47.55 43.3 9.02 -15.92 
 "12510500" 11/25/2007 58.81 25.69 15.38 12/3/2007 58.93 40.03 1 -0.12 
3255 "03342000" 1/1/2008 47.2 9.6 43.11 1/9/2008 5.79 76.93 17.18 41.41 
 "03374000" 1/1/2008 17.72 35.27 47.01 1/9/2008 5.59 93.77 0.64 12.13 
 "05527500" 1/1/2008 90.94 0.55 8.51 1/9/2008 8.84 77.33 13.81 82.1 
3268 "03342000" 1/25/2008 30.3 40.9 28.8 2/10/2008 35.11 49.5 15.34 -4.81 
 "04193500" 1/25/2008 16.05 62.37 21.55 2/10/2008 99.38 0.16 0.34 -83.33 
3785 "01358000" 2/26/2011 97.74 0.931 1.12 3/30/2011 50.61 48.34 0.78 47.13 
 "03150000" 2/26/2011 22.73 75.2 2.07 3/30/2011 0.27 49.56 50.17 22.46 
4115 "03237020" 12/3/2013 70.566 14.36 15.05 12/27/2013 21.04 74.36 4.6 49.526 




Figure 3-8: Observed flood flow normalized by area versus observed (GHCN) snow depth prior 
to each ROS flood event.   
 
  






























3.2 Passive Microwave Early Winter Snowmelt Algorithm Performance in 
Northern Latitude 
 
To date, the microwave snowmelt detection algorithms investigated in this study have been 
applied to northern latitude basins. Consistent cold air and snowpack temperatures experienced 
by northern latitude basins allow microwave snowmelt detection algorithms, particularly the 
DAV approach, to discern a wet snowpack from a frozen, dry snowpack. This section 
demonstrates the typical signal found in a northern latitude basin. Microwave signatures and 
snowmelt detection algorithm responses are analyzed in the Nuyakuk River basin for the 2004 
water year. The Nuyakuk River basin is located in southwest Alaska (Figure 3-9). The basin area 
is approximately 3950 km2 and has a mean elevation of 400 m. Generally, the Nuyakuk River 
basin experiences a deep seasonal snowpack. Snow accumulation typically begins in November 
and the onset of spring melt normally occurs in late April. The basin experiences extremely cold 
air temperatures throughout the winter months. During the winter season of the 2004 water year, 
approximately 40 days had minimum daily temperatures below -20◦C. The corresponding 
maximum daily air temperatures were also below freezing, ranging between -25 to -2◦C (Figure 
3-10). 
During the 2003-2004 winter season, the Nuyakuk River basin had three brief periods of 
above freezing temperatures accompanied with modest precipitation. Although the observed 
precipitation was minimal and did not result in any significant flooding, these rain-on-snow 
events illustrate the conventional response of the microwave snowmelt detection algorithms’. 
The three events are highlighted in Figure 3-10. The December 28th and 29th, 2003, event had a 
cumulative precipitation of 26 mm and above freezing air temperatures. The February 9th to the 
13th, 2004, event had sustained air temperatures above freezing with 8.2 mm of precipitation. 
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The February 29th to March 3rd, 2004, event consisted of a brief period with temperatures 
exceeding freezing and consistent light precipitation throughout totaling 15.7 mm. To evaluate 
the microwave response of these melt events, temperature brightness time series for the 
frequencies and polarizations that were used in the three snowmelt detection methods are shown 
in Figure 3-11.  
 The DAV value should remain low when the snowpack is consistently wet or dry for both 
morning and afternoon overpasses. If the snowpack becomes wet for one overpass and remains 
dry for the other, an abrupt increase in the DAV value should be observed. Additionally, a wet, 
warm snowpack will result in higher observed Tb values. In response to the wet snowpack and 
the subsequent return to frozen conditions, the DAV algorithm accurately bracketed the early 
snowmelt event beginning on February 9th. The value of the DAV increased from 8 K on 
February 8th to 20 K on February 9th. The observed Tb of the afternoon overpass increased from 
241 K on February 8th to 255 K on February 9th. The DAV value then dropped to approximately 
6 K throughout the snowmelt event. On February 13th, the DAV value captured the transition 
from warm, wet conditions to dry, frozen conditions. The DAV value was 21 K on February 13th. 
Following the melt event, the DAV value dropped to approximately 4 K (Figure 3-12).  
The DAV method also captured the snowmelt event beginning on February 29th, 2004 
(Figure 3-12). The DAV value increased from 5 K on February 28th to 27 K on February 29th. 
The afternoon Tb value also increased in response to the warm, wet conditions. The afternoon Tb 
value was 224 K on February 28th and increased to 250 K on February 29th. The rain-on-snow 
event in late December, 2004 resulted in wet conditions on both the morning and afternoon 
overpasses (Figure 3-13). The Tb increase is evident, but the timing of this event hindered the 
ability of the DAV method to capture the extent of the snowmelt.  
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The frequency difference (FD) algorithm responds to the reduction in the scattering effect 
of snow due to the presence of liquid water. The FD method showed noticeable abrupt drops 
during the warm, wet conditions associated with each snowmelt event (Figure 3-14). For the 
snowmelt event beginning on December 28th, the difference between the 19 and 36 GHz 
frequencies started to decrease on December 27th, in conjunction with increasing air temperature. 
The FD was approximately 15 K leading into December 27th, which decreased to approximately 
12 K on the 27th and 28th. The largest decrease was observed on December 29th, where the FD 
dropped to 5 K. As air temperatures fell below freezing, the FD reestablished a value of 
approximately 20 K beginning on December 31st. The increase in the FD is most likely the result 
of the precipitation falling as snow in some regions of the basin. The FD similarly responded to 
the melt events beginning on February 9th and February 29th with abrupt drops in the signal 
(Figure 3-14). On February 9th, the FD dropped from 12 K during the morning hours, to 5.7 K in 
the afternoon. Likewise, the FD dropped from 18 K in the morning of February 29th to 5 K in the 
afternoon. 
The polarization ratio (PR) method showed similar results to the FD method (Figure 
3-15). The PR signal is sensitive to the stratigraphy of a snowpack. If an early snowmelt event 
results in the formation of a thin water or ice layer, then the PR should abruptly increase. The 
formation of a water layer was not apparent in any of the three snowmelt events, nor was the 
formation of ice layers following the events. Therefore, the PR signal responded according to the 
same principles as the FD method. 
 For the snowmelt event beginning on December 28th, the PR began to drop on the 27th. 
The PR value was approximately 0.036 prior to the 27th. On December 28th, the PR value 
dropped to 0.030. By the afternoon of the 29th, the PR reached its minimum value of 0.019. 
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Likewise, the PR signals for the snowmelt events beginning on February 9th and February 29th 
followed the same timing as the respective frequency difference signals.  
    These observations in a northern latitude region show how the microwave snowmelt 
detection methods perform under ideal conditions. In contrast, early winter snowmelt events in 
the mid-latitudes may introduce large regional climate differences that can add noise to the 
microwave observations. Mid-latitude regions frequently experience above freezing maximum 
daily winter air temperatures which result in a wet snowpack. The microwave signal is extremely 
sensitive to even a small amount of liquid water in a snowpack, thus this temperature driven 
fluctuation between wet and dry snow could be incorrectly interpreted as the beginning of an 










Figure 3-9: Location of the Nuyakuk River basin within southwest Alaska.   
 
Figure 3-10: Daymet estimates of precipitation, daily minimum and maximum air temperatures, 






























































































































































Figure 3-11: The brightness temperature responses of individual frequencies averaged over the 
Nuyakuk River basin from 8/1/2003 to 8/1/2004. The three snowmelt events are highlighted.  
 
 
Figure 3-12: DAV algorithm response averaged over the Nuyakuk River basin from 8/1/2003 to 
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Figure 3-13: Nuyakuk River basin temperature brightness observations for the 36 GHz frequency 








Figure 3-14: Frequency difference algorithm response averaged over the Nuyakuk River basin 
from 8/1/2003 to 8/1/2004. The three snowmelt events are highlighted.   
 
Figure 3-15: Polarization ratio algorithm response (19 GHz) averaged over the Nuyakuk River 
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 The mid-Atlantic region of the United States received an abnormally early, deep 
snowpack as a result of several snow storms in November and December of 1995. In mid-
January of 1996, a brief period of warm temperatures and heavy rainfall led to considerable 
melting and severe floods. High river flows inundated an area of approximately 135,000 km2 and 
resulted in 35 fatalities and over a billion dollars in damages (Leathers et al., 1998). Flooding 
was the most severe throughout northern Pennsylvania. 
 The Allegheny River basin was chosen for the study area because of the observed, basin 
wide, rapid ablation of the snowpack during the January 1996 flood event. The Allegheny River 
basin represents an area of approximately 23000 km2, bordering Lake Erie to the west and 
encompassing regions within northern Pennsylvania and southern New York (Figure 3-16). The 
basin is largely undeveloped, the predominate land cover being deciduous and evergreen forests. 
The Allegheny River is roughly 520 km long and is a major tributary of the Ohio River.      
On January 17th through 20th, 1996, warm temperatures and heavy rain resulted in a peak 
discharge from the Allegheny River of nearly 4000 m3/s. A comparison between the 1995-1996 
Allegheny River flows and the preceding 7 years (Figure 3-17) illustrates the severity of the 
January 1996 flood flow. The rapid ablation of the snowpack, combined with intense rain on 
January 19th and 20th, is apparent in the steep rising limb of the hydrograph. On January 16th, 
prior to the abrupt increase in air temperature and heavy rain, the base flow within the Allegheny 
River was only approximately 185 m3/s. On January 19th, the flow was reported in exceedance of 
2600 m3/s. By January 20th the flow reached its peak value of nearly 4000 m3/s.  
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3.3.2 Hydrological Conditions Preceding January 17th – 20th Storm Event   
 
 According to ground stations, early snowfall in November, 1995 was followed by a 
subsequent melt that led to highly saturated soils prior to winter freeze-up. GHCN 
meteorological stations were chosen to illustrate the timing and spatial distribution of various 
parameters, including snow depth, throughout the Allegheny River basin (Figure 3-18). Figure 
3-18a shows several snow accumulation periods within the Allegheny River basin during 
November. The greatest snow depth occurred on November 16th, where the reported maximum 
snow depth was approximately 600 mm. The average reported snow depth of all meteorological 
stations within the Allegheny River basin was just over 350 mm. Modest precipitation on 
November 18th through 20th and warm air temperatures, particularity on November 21st with 
basin temperatures exceeding 5◦C, lead to significant ablation of the snowpack (Figures 3-18a, 
3-18b, 3-18c and 3-18d). Snow accumulation was observed on November 22nd, but by November 
30th, as a result of warm air temperatures, the maximum reported snow depth was 76 mm and the 
basin average was only 15 mm.  
Snow began to accumulate in December. Snow fall on December 10th resulted in roughly 
300 mm of snow in high elevation regions adjacent to the northern boundary. Other regions 
received much less snow accumulation, approximately 25 to 50mm (Figure 3-18a). Ensuing 
basin wide warm air temperatures led to the gradual ablation of the snowpack (Figure 3-18c and 
3-18d). By December 18th, most GHCN stations reported minimal to no snow. Even high 
elevation stations reported a snow depth of less than 100 mm (Figure 3-18a). 
Although the Allegheny River basin lacks soil moisture observations, the modest increase 
in the hydrograph following the early winter periods of snowmelt suggests the majority of the 
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melt water went into the soils. The flow within the Allegheny River was reported as just under 
300 m3/s on November 11th, prior to the initial significant snow fall, and rose to roughly 730 m3/s 
on November 30th, following the snowmelt (Figure 3-17). The subsequent below freezing 
temperatures and the observed decline in base flow throughout most of December and early 
January suggests that the saturated soils froze, as opposed to draining into the Allegheny River. 
The frozen soils produced an effective barrier, preventing the majority of ensuing flood water 
from penetrating into the ground. 
   The accumulation of the snowpack that contributed to the January, 1996 flood began in 
late December. On December 20th, all regions of the basin received snow. Accumulation totals 
ranged from approximately 300 to 500 mm (Figure 3-18a). Above freezing temperatures from 
December 31st through January 2nd led to an abrupt reduction in snow depth throughout the basin 
without any notable river discharge. This suggests that SWE remained constant while the density 
of the snowpack increased, and/or additional snowmelt went into the soils. (Figure 3-18d and 3-
18e). On January 2nd, the reported snow depths ranged from approximately 100 to 250 mm 
(Figure 3-18a). The final snow storm preceding the January, 1996 flood event occurred on 
January 3rd. On January 4th, the snowpack reached its maximum depth. The maximum observed 
snow depth was reported as being 610 mm (Figure 3-18a). The basin averaged snow depth from 
selected meteorological stations contained within the Allegheny River basin was approximately 
430 mm. Negligible reported precipitation and cold daily air temperatures for the remainder of 
time leading up to the flood event resulted in no ablation of the snowpack (Figures 3-18a, 3-18b, 
3-18c and 3-18d). Figure 3-19 shows the reported January basin averaged snow depth from 
various years. As can be seen, a snow depth of this magnitude is relatively uncommon, but has 
been experienced in previous years.     
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3.3.3 Passive Microwave Observation Preceding January 17th – 20th Storm Event 
 
To evaluate the spatial correlation of observed microwave Tb with daily precipitation and 
air temperatures, Daymet estimates of precipitation, daily minimum and maximum air 
temperatures were used (Figure 3-20). Prior to the initial early snowfall in November and 
December of 1995, the observed Tb of the 19 GHz and 36 GHz frequencies were of similar 
magnitude and both tracked with air temperature (Figure 3-21). A noticeable difference between 
the recorded Tb values of these two frequencies was first apparent in late November; beginning 
on November 20th and reaching a maximum on the 25th. Although a considerable snowpack 
(Figure 3-18a) was present in the days prior to November 20th, above freezing daily maximum 
air temperatures (Figure 3-20) resulted in an initially wet snowpack. As daily minimum air 
temperatures decreased, reaching approximately -15◦C in northern regions of the basin on 
November 25th (Figure 3-20), the difference between the two frequencies became greater. On 
November 25th, the average frequency difference throughout the Allegheny River basin was 
determined to be 8.54 K. The 75th percentile was 9.9 K and the 25th percentile was 7.7 K (Figure 
3-22). This corresponds well with the observed initial snow fall. Throughout this period the 
frequency difference responded abruptly to wet snow. On November 28th, basin-wide daily 
maximum air temperatures reached 10 to 15◦C (Figure 3-20), resulting in an average frequency 
difference of -0.547 K. The 75th percentile was 0.5 K and the 25th percentile was -0.6 K (Figure 
3-22).   
By early December the frequency difference began to decline in response to the observed 
snowmelt (Figure 3-21). On December 4th, after the majority of the accumulated snow melted, 
the basin average frequency difference was -0.086 K. The 75th percentile was 2.2 K and the 25th 
percentile was 0.4 K (Figure 3-22). Another period of snow accumulation, which began 
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December 6th, is evident in the Tb signatures of the 36 GHz and 19 GHz frequencies. Once 
again, a large difference between the two frequencies became apparent and persisted until 
considerable melting occurred from December 14th through the 17th in response to warm air 
temperatures and light precipitation (Figure 3-20). The maximum frequency difference occurred 
on December 10th, where the basin averaged frequency difference was 4.35 K. The 75th 
percentile was 6.1 K and the 25th percentile was 3.4 K (Figure 3-22).  
 The final period of snow accumulation, leading up to the flood event, resulted in an 
average frequency difference of approximately 8.1 K on January 6th. The 75th and 25th percentile 
were 11.2 K and 6.6 K respectively (Figure 3-22). This difference tracked with the air 
temperature, and persisted until the flood event began on January 17th (Figure 3-21). 
 Figure 3-23 shows the average DAV response prior to the flood event. When 
conventional thresholds (diurnal fluctuation in the 36 GHz Tb great than 10 K and a 
corresponding afternoon 36 GHz Tb greater than 252 K (Semmens et al., 2013)) were applied, 
the basin averaged values do not capture the November and December snowmelt events. 
Between November 6th and January 12th, the DAV had maximum and minimum values of 8.6 K 
and 1.2 K respectively (Figure 3-23). In reference to daily maximum air temperatures being 
predominantly above freezing during this period (Figure 3-20), the afternoon 36 GHz Tb 
threshold was generally always met. The afternoon 36 GHz Tb had minimum and maximum 
values of 246 K and 267 K respectively. However, even though the spatially averaged DAV 
values did not capture any snowmelt, some individual pixels did indicate snow melt on the 
correct dates. Figure 3-24 shows the DAV response on November 27th when significant 
snowmelt was observed, particularly in the northern regions of the basin. As can be seen some 
pixels correctly exceeded thresholds, and the basin averaged DAV abruptly increased. This 
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indicates the need for further refinement in regards to how appropriate DAV thresholds are 
determined for this region. The remaining observed snowmelt events during this period were not 
considered due to the lack of Tb observations. The dependence of the DAV algorithm on 
adequate Tb coverage hinders the frequency with which meaningful output can be obtained.         
  For gradual snowmelt attributed to warm temperatures, the polarization ratio showed 
similar decreases on the respective dates as compared to the frequency difference method. The 
benefit of the polarization ratio lies in its sensitivity to changes in the stratigraphy of a snowpack 
(Dolant et al., 2016). For abrupt intense snowmelt events, where an initial water layer forms 
before the snowpack becomes uniformly wet, an abrupt increase in the polarization ratio should 
be observed. The polarization ratio displayed the first noticeable response to the formation of a 
water layer on December 14th and 15th (Figure 3-25). This corresponded well with the observed 
initial snowmelt resulting from rain in December (Figure 3-18b). As the remaining snow refroze, 
and more snow began to accumulate, the degree of polarization was reduced. The next observed 
high polarization ratio occurred on January 4th (Figure 3-26). Once again, this corresponded well 
with the observed brief period of snowmelt resulting from rain-on-snow. Throughout the 
remainder of time leading up to the flood event, the polarization ratio remained stable in 
response to the cold, dry snowpack. An approximate value for the polarization ratio during the 
week preceding the flood event was calculated to be 0.018.     
It should be noted that the moist conditions on the western border of the Allegheny River 
basin, adjacent to Lake Erie, resulted in microwave Tb measurements that were not 
representative of the snowpack conditions within the basin. Pixels that overlapped with Lake 
Erie introduced a bias when averaging the snowmelt detection signals over the basin. The high 
emissivity of water led to similar Tb values of the 36 and 19 GHz frequencies. This is noticeable 
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in Figure 3-22, where low frequency difference values were consistently observed along the 
border with Lake Erie. This artifact had the greatest impact on the time series of the basin 
averaged polarization ratio because of the small changes in the degree of polarization between 
wet and dry snow. Figure 3-26 illustrates the contrast between the degree of polarization of 
pixels near Lake Erie and pixels within the interior of the basin. 
3.3.4 Hydrological Conditions During January 17th – 20th Storm Event  
 
 At the onset of the flood, reported snow depths from selected meteorological stations 
ranged from approximately 300 to 600 mm (Figure 3-18e). On January 16th, the reported 
minimum temperatures ranged between -20 and -10ºC (Figure 3-18g). The reported maximum 
temperatures ranged between -9 and 7ºC (Figure 3-18g). Following January 16th, both daily 
minimum and maximum air temperatures began to rise. January 17th saw temperatures well 
above freezing. Minimum temperatures ranged between -10 and -2ºC, and maximum 
temperatures ranged between 6 and 10ºC. Reported minimum temperatures on January 18th 
ranged between -10 and 2ºC, and maximum temperatures were between 7 and 12ºC. There was 
minimal precipitation throughout this initial warming (Figure 3-18f). The warm air temperatures 
resulted in a significant reduction of the snowpack. On January 18th, the reported snow depths 
ranged between 100 to 300 mm.   
On January 19th, the rise in air temperature was accompanied by significant rainfall. The 
most intense rain occurred over the southern portion of the basin (Figure 3-20), with reported 
depths reaching approximately 35 mm (Figure 3-18f). Much of the basin did, however, receive 
significant amounts of rain. The basin averaged depth of rain on January 19th was determined to 
be in excess of 20 mm. The rain continued into January 20th, although the western half of the 
basin was largely unaffected on that date (Figure 3-20). Meteorological stations along the 
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northeast boundary of the basin reported an additional 25 mm of rain (Figure 3-18f). The 
accumulated depth of precipitation from this event is unusual for the Allegheny River basin. A 
PRISM dataset indicates that the 30-year average January precipitation (1971-2000) within the 
Allegheny River basin was only 7.4 mm.  
The air temperature reached a peak value on January 19th. The maximum air temperature 
was approximately 14ºC throughout the basin. The minimum air temperature was between 0 and 
6.5ºC (Figures 4-3g and 4-3h). These air temperature extremes are also unusual for the 
Allegheny River basin. The air temperature abruptly decreased to below freezing values 
following the heavy rain on January 19th and 20th. On January 21st, minimum temperatures were 
between -16 and -11ºC and maximum temperature ranged between -7 and -1ºC (Figures 4-3g 
and 4-3h).   
The snowpack throughout the basin experienced rapid ablation towards the onset of the 
rain event. By January 19th, meteorological stations reported a basin average snow depth of only 
40 mm. Many stations reported no snow on January 19th (Figure 3-18e). The initial warming 
phase prior to the heavy rain is what led to the rapid snowmelt. The remaining ripened snowpack 
could not buffer further energy inputs without melting, leading up to the onset of the heavy rain.  
The Allegheny River experienced an abrupt increase in discharge in correspondence with 
the heavy rain and snowmelt. Flow increased from roughly 320 m3/s on January 18th to 2600 
m3/s on January 19th. The maximum flow of 3900 m3/s occurred on January 20th (Figure 3-17). 
3.3.5 Passive Microwave Observation During January 17th – 20th Storm Event  
 
On January 15th, as air temperatures began to rise above freezing, a wet snow signal was 
observed (Figure 3-27 and Figure 3-28). The basin averaged frequency difference on the 15th 
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dropped to 5.2 K (Figure 3-27). As the air temperature dropped below freezing on January 16th, 
the refreezing of the wet snow is apparent in the reestablished signal. January 17th marked the 
beginning of the warm temperatures and precipitation which led to the high flood waters. An 
abrupt decrease in the frequency difference signal occurred on the morning of January 17th. The 
basin average frequency difference was calculated to be -0.94 K. The 75th percentile was 0.1 K 
and the 25th percentile was -0.7 K. The difference between the 19 GHz and 36 GHz frequencies 
remained low as warm air temperatures melted the snowpack (Figure 3-27). On January 19th 
when the most intense rain occurred, an observed average frequency difference of 8.13 K was 
recorded. By this time the snowpack had experienced significant ablation, and therefore did not 
contribute to the observed frequency difference. We hypothesize that the intensity of the rain 
event resulted in significant volumetric scattering of the 36 GHz frequency. Following the rain 
event, the frequency difference dropped down to approximately 4 K.  
 The DAV algorithm captured the onset of the flood event in response to the increase in 
air temperatures and the presence of wet snow on January 16th (Figure 3-29 and Figure 3-30). 
Nearly all pixels exceeded the conventional threshold values and the basin average DAV was 
13.9 K. The 75th percentile was 17.5 K and the 25th percentile was 11.2 K. The signal abruptly 
dropped following January 16th and the DAV remained below 10 K throughout the duration of 
the flood event (Figure 3-29). No pixels indicated melting snow on January 17th or 18th (Figure 
3-29) due to the observed continuous above freezing air temperatures.    
 The polarization ratio responded to the initial water layer on January 15th and 16th (Figure 
3-31). An abrupt increase was observed that persisted throughout the duration of the melting 
snow. The unexpected persistence of this increase was probably a result of standing water over 
bare ground. The average polarization ratio of the observed wet snow between January 16th and 
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18th was estimated to be 0.024 (Figure 3-31). This is a noticeable increase in the degree of 
polarization as compared to the initial polarization ratio of 0.018 preceding the onset of the warm 
temperatures (Figure 3-30). Figure 3-32 shows the spatial distribution of the polarization ratio 
during the snowmelt event.     
3.3.6 Hydrological Conditions Post January 17th – 20th Storm Event 
 
 After the heavy rain ended, flow within the Allegheny River abruptly dropped to 2030 
m3/s on January 21st (Figure 3-17). Air temperatures dropped below freezing between January 
21st and the 23rd, with minimum temperatures reaching -15ºC (Figure 3-18g). Towards the end of 
January warm temperatures and less severe rain events led to a modest increase in discharge on 
January 25th. Flow within the Allegheny River did not return to the original base flow, prior to 
the flood event, until early February (Figure 3-17).       
 The flood event led to the near total ablation of the snowpack within the Allegheny River 
basin. Figure 3-33 shows snow depth measurements on January 10th, prior to the initial warming, 
and on January 28th, following the flood. As can be seen, all meteorological stations throughout 
the basin experienced significant snowmelt. However, the final precipitation event on January 
20th did lead to a modest accumulation of snow. Meteorological stations towards the northwest 
extent of the basin reported upwards of 100 mm of snow (Figure 3-18e). Although the snow 
depth that contributed to the flood waters was not an extremely abnormal amount for the 
Allegheny River basin, as compared to previous years (Figure 3-19), the high snowmelt rate is 




3.3.7 Passive Microwave Observation Post January 17th – 20th Storm Event 
 
 The frequency difference established an average value of approximately 4 K beginning 
on January 21st. This difference coincides with the observed snow accumulation following the 
flood event. Two brief periods, on January 24th and 27th, of above freezing temperatures are also 
evident in the abrupt decrease in the frequency difference signal. After the air temperature cooled 
below freezing, the frequency difference signal reestablished to approximately 4 K (Figure 
3-27).        
Because the DAV algorithm requires Tb observations twice daily, meaningful algorithm 
output was not obtainable in the days following the flood event. However, following the flood 
event, the polarization ratio abruptly dropped from the average maximum value of 0.024 during 
the snowmelt, to an average value of 0.0165 on the Afternoon of January 21st. The extreme drop 
shown on the morning of January 19th in Figure 3-31 is a result of missing Tb data adjacent to 
Lake Erie that has high polarization ratio values (Figure 3-32). The average polarization ratio 
indicated peaks in the degree of polarization that were in agreement with the observed brief 







Figure 3-16: The inundation area corresponding to the January 1996 flood is outlined in blue. 
The study area consists of the Allegheny River basin which is outlined in red. The Allegheny 
River basin is shown over the Shuttle Radar Topography Mission (SRTM) digital elevation 




Figure 3-17: The Allegheny River hydrograph for 7 years prior to the 1996 flood event. The 




























































































































GHCN ID Elevation (m) Latitude (dd) Longitude (dd) 
USC00366649 521.2 41.9244 -78.0072 
USC00360867 457.2 41.950 -78.650 
USC00307772 493.8 42.2786 -79.2656 
USC00367477 414.5 41.4197 -78.7492 
USC00361751 442 41.3575 -79.2172 
USC00363158 396.2 41.8167 -79.450 
USC00365606 324.6 41.6333 -80.1667 
USC00367229 390.1 40.9247 -79.2825 
USC00368873 365.8 41.4792 -79.4433 
USC00369115 359.7 41.3167 -79.650 
USC00303025 484.6 42.3294 -78.4636 
 
Figure 3-18: Selected Global Historical Climatology Network (GHCN) meteorological stations 





Figure 3-18a: Reported snow depths from the GHCN stations prior to flood event. 
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Figure 3-18g: Reported minimum daily temperature from the GHCN stations encompassing and 
following the flood event. 
 
 
Figure 3-18h: Reported maximum daily temperatures from the GHCN stations encompassing 
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Figure 3-20: Spatial distribution of Daymet estimates of precipitation, minimum temperature and 
maximum temperature. Dates include 11/25 – 12/7, 12/14 – 12/21, 1/12 – 2/6. The absent dates 


















Figure 3-21: Basin averaged time series of observed Tb values of the 19 and 36 GHz frequencies 
prior to storm event (top). Basin averaged difference between the two frequencies prior to storm 
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Figure 3-23: DAV signal prior to storm event. Gray horizontal line is the DAV threshold (not 













Figure 3-24:  DAV response for selected dates prior to the storm event. Black dots indicate 
regions where thresholds were exceeded.  
 
 




































Figure 3-27: Basin averaged time series of observed Tb values of the 19 and 36 GHz frequencies 
encompassing the storm event (top). Basin averaged difference between the two frequencies 
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Figure 3-29: DAV signal encompassing the storm event. Gray horizontal line is the DAV 
















Figure 3-30:  DAV response for selected days during and following the storm event. Black dots 




































Figure 3-33: Reported snow depths from meteorological stations within the Allegheny River 
basin before the flood (top) and following the flood (bottom).    
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In January of 2005, a period of heavy rain resulted in severe flooding in Eastern Nevada 
and Western Utah. A cumulative precipitation depth of approximately 65 mm spread over a 5-
day period, from January 8th to the 12th caused multiple tributaries to the Colorado River to 
overflow their banks. The high flood waters affected an area of 71,000 km2 and resulted in the 
forced displacement of hundreds of people from surrounding communities (Ritter, 2005). 
Communities within the inundation area included Las Vegas, Nevada towards the southern 
extent, numerous cities along the Virgin River in Utah, and cities along the Pahranagat Wash, 
Meadow Valley Wash and the Muddy River in Nevada.  
  The Muddy River Basin (Figure 3-34) was chosen as the study area for this analysis 
because of the high river flows in early January, 2005 and the impact of flooding on 
communities located within the Muddy River basin. Moapa Valley, located near the outlet of the 
basin along the Muddy River, experienced severe flooding during the January 2005 rain event. 
The town of Caliente and other small unincorporated communities located adjacent to the 
Meadow Valley Wash and the Virgin River also experienced high flood waters. Residents of 
these communities were evacuated to flood shelters and it was reported that numerous homes and 
businesses suffered significant damage (Ritter, 2005).      
  The Muddy River basin drains an area of 18,640 km2 into Lake Mead and encompasses 
most of the inundation area. December and January stream flows within the Muddy River are 
generally minimal until spring. Flow data from previous years indicate that the flow in the 
Muddy River is typically 0.5 m3/s throughout the winter season. But during the January 2005 
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flood event, flows reportedly reached a peak of 70 m3/sec. A comparison between December, 
2004 and January, 2005 stream flow versus previous years is shown in Figure 3-35. Preceding 
the flood event, the base flow in the Muddy River was elevated to approximately double the 
normal flow. Before the base flow had time to recede, another period of intense rain resulted in 
the severe flooding. 
3.4.2 Hydrological Conditions Preceding the Jan 8th to 12th Storm   
 
Between December 27th, 2004 and January 5th, 2005 a precipitation event occurred over 
the Muddy River basin and blanketed the northern regions of the basin with snow. GHCN 
meteorological stations were chosen to illustrate the timing and spatial distribution of various 
parameters, including snow depth, throughout the Muddy River basin (Figure 3-36). High 
elevation regions, comprising the northern boundary of the Muddy River basin, received roughly 
500 mm of snow (Figure 3-36a). Regions near the headwaters of the Meadow Valley Wash and 
regions adjacent to the Pahranagat River received a mixture of rain and snow. A higher elevation 
meteorological station adjacent to the Meadow Valley Wash reported a snow depth of 200 mm 
following this precipitation event (Figure 3-36b). Lower elevation meteorological stations within 
these areas reported a final snow depth of approximately 50 mm (Figure 3-36b). The southern 
extent of the basin received primarily rain throughout this event. Approximately 70 mm of rain 
fell in Moapa Valley, near the outlet of the basin (Figure 3-36c). Flow within the Muddy River 
rose rapidly in response to the heavy rain, from 0.42 m3/s on December 28th to 14.9 m3/s on 
December 30th (Figure 3-35). Although this storm did not cause any significant flooding, it 
resulted in saturated soils and a high base flow that were partially responsible for the severe 
flooding that would occur between January 10th and 13th, 2005. 
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 Daily minimum air temperature remained below 0◦C throughout most of the Muddy 
River basin in the week prior to January 8th. The southernmost region was somewhat warmer 
with a minimum daily temperature as high as 5◦C. The high elevation region along the northern 
boundary of the basin reported a daily minimum temperature between -10◦ C and -15◦ C prior to 
January 8th (Figure 3-36d). The daily maximum air temperature in the southern portion of the 
basin was approximately 10 to 15◦C, whereas for the central regions the maximum temperatures 
were 5◦ C to 10◦ C. High elevation regions were much cooler, at approximately -5◦C (Figure 3-
36e). The diurnal fluctuations between above freezing and below freezing temperatures occurred 
primarily in the central portions of the basin (Figure 3-37). Throughout late December into early 
January, air temperature steadily cooled over the entire Muddy River basin. A sharp decrease in 
temperature occurred on January 7th, one day prior to the event, with the majority of the basin 
below freezing both day and night (Figure 3-36d and 4-21e). 
 The snowpack resulting from the late December storm experienced little ablation in 
northern regions before the beginning of the storm on January 8th (Figure 3-36a and 3-36b). 
Although the temperature did rise above freezing in areas that had snow, the nightly below 
freezing temperatures caused the snowpack to refreeze before there was any significant decrease 
in snow depth. The snow covered area (SCA) encompassed roughly half of the total area of the 
basin preceding the flooding conditions (Figure 3-38). Areas that were obscured by clouds in 
Figure 3-38 are most likely snow free in the southern portion of the basin and snow covered in 
the northern portion. It is assumed that the soils in snow free southern portion of the basin were 




3.4.3 Passive Microwave Observations Preceding the Jan 8th to 12th Storm  
 
From late December, 2004 to January 7th 2005, the recorded temperature brightness (Tb) 
of the 19 and 36 GHz frequencies, as observed by the AMSR-E instrument, tracked with air 
temperature. The diurnal fluctuations in air temperature and the general cool trend throughout 
this period are both reflected in the basin averaged Tb time series of the 19 and 36 GHz 
frequencies (Figure 3-39). On the morning of January 7th, the basin average difference in Tb 
between the 19 and 36 GHz channels was 7.9 K. The 75th and 25th percentiles were 11.6 and 3 K, 
respectively (Figure 3-40). Northern regions of the basin showed the greatest difference, whereas 
southern regions of the basin showed a negligible difference. For the northern areas, the 36 GHz 
microwave signal was attenuated by the snowpack, causing the observed difference. Comparison 
between the SCA map (Figure 3-38) and the temperature brightness maps (Figure 3-40) 
illustrates the strong relationship between the 19 and 36 GHz temperature brightness difference 
and snow cover extent. The 19 and 36 GHz Tb differences are larger in the morning overpass (D) 
as compared to the afternoon overpass (A) on January 6th and 7th (Figure 3-40). This illustrates 
the effect that wet snow has on the intensity of these frequencies. The remotely sensed wet snow 
cover during the afternoon of January 6th and 7th, corresponds well with the snow covered areas 
in the middle of the basin and with the daily maximum temperatures of roughly 5◦C.   
Figure 3-41 shows the DAV algorithm response on January 6th and 7th using 
conventional snowmelt detection thresholds (diurnal fluctuation in the 36 GHz Tb greater than 
10 K and a corresponding afternoon 36 GHz Tb greater than 252 K (Semmens et al., 2013). For 
the majority of the snow covered regions, the DAV thresholds were not exceeded. This finding 
agrees with the cold temperatures on these dates. The thresholds were only exceeded in a small 
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region adjacent to the headwaters of the Meadow Valley Wash where the diurnal air temperature 
fluctuations were most pronounced. The DAV algorithm indicates a frozen snowpack for the 
majority of the snow-covered portion of the basin prior to the January 8th event. On January 6th 
the basin average DAV was 7.1 K. The 75th percentile was 7.8 K and the 25th percentile was 6.2 
K. Due to air temperatures near 0 ºC on January 6th, the afternoon Tb threshold was exceeded. 
The basin average Tb value was 258.9 K.     
 The polarization ratio was relatively constant for January 6th and 7th overpasses (Figure 
3-42). On January 6th the basin average polarization ratio was 0.018. The 75th and 25th percentiles 
were 0.022 and 0.014, respectively. January 7th saw similar values. The ratio was lower in the 
northern snow covered regions than the wet, snow free areas in the southern portion of the basin. 
This agrees with the expectation that a layer of standing water polarizes the microwave signal. 
The polarization ratio was not as sensitive to the diurnal fluctuation in temperature as compared 
to the frequency difference and DAV algorithms. Therefore, the changes in the degree of 
polarization between the morning and afternoon overpasses may be a more accurate 
representation of the extent of wet snow than the frequency difference and DAV methods.   
3.4.4 Hydrological Conditions During the Jan 8th to 12th Storm  
 
Between January 8th and January 12th, 2005, intense precipitation resulted in severe 
flooding throughout the Muddy River basin. The precipitation was accompanied by an abrupt 
increase in the daily minimum air temperature in all but the northern, high elevation regions. 
This warming resulted in above freezing daily minimum temperatures throughout the majority of 
the basin that persisted until January 12th. Meteorological stations reported daily minimum 
temperatures of approximately 5◦C within the central regions (Figure 3-36d). Southern regions 
experienced daily minimum temperatures just over 10◦C (Figure 3-36d). Only the northern, high 
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elevation meteorological stations reported daily minimum temperatures below freezing (Figure 
3-36c).  
The headwaters of the Meadow Valley Wash (Figure 3-34) experienced an accumulation 
of nearly 70 mm of rain between January 8th and January 12th. Other regions of the basin saw less 
rain, ranging between 10 to 25 mm (Figure 3-36c). For the northern, high elevation regions, the 
precipitation fell primarily as snow (suggested by a moderate increase in snow depth (Figure 3-
36a) and below 0˚C maximum air temperatures (Figure 3-36e)). Throughout the duration of the 
precipitation event, the storm cell was relatively static and centered over the headwaters of the 
Meadow Valley Wash (Figure 3-43). A rain event of this intensity that persists for multiple days 
is very uncommon for the month of January within the Muddy River basin. Meteorological 
stations indicate that past January precipitation events resulted in approximately 5 to 10 mm of 
precipitation. Some years had no precipitation in January (Figure 3-44). A PRISM dataset 
indicates that the 30-year average (1971-2001) January precipitation within the Muddy River 
basin was 30 mm.   
On January 8th, much of the northern half of the Muddy River basin was covered with 
snow (Figure 3-38). Meteorological stations indicate a snow depth of approximately 100 to 200 
mm in the region surrounding the headwaters of the Meadow Valley Wash (Figure 3-36b). The 
snowpack in this region experienced rapid ablation in the response to the intense precipitation 
and warm temperatures. By January 10th, the snowpack was totally depleted. In contrast, the 
snow depth in northern regions increased from approximately 1400 to 1600 mm during this event 
(Figure 3-36a).  
On January 8th, the flow in the Muddy River was just over 1 m3/s. The flow began to rise 
on January 10th. On January 12th, the Muddy River reached a peak flow of approximately 70 
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m3/s. This far exceeds normal January peak flows which are typically less than 1 m3/s (Figure 
3-35).  
3.4.5 Passive Microwave Observations During the Jan 8th to 12th Storm 
 
On January 8th, a strong wet snow signal was observed for the 36 GHz frequency Tb. 
Both morning and afternoon overpasses show an abrupt increase in the 36 GHz Tb in snow 
covered areas (Figure 3-45) as compared to the 36 GHz Tb morning overpass values prior to 
January 8th (Figure 3-40). On the afternoon of January 7th the basin average 36 GHz observed Tb 
was 252.6 K. The 75th and 25th percentiles were 257.8 and 249.1 K, respectively. On the 
afternoon of January 8th the average 36 GHz Tb rose to 263.7 K. The 75th percentile was 264.7 K 
and the 25th percentile was 262.4 K. This increase is most likely due to the increased emissivity 
of wet snow. The basin averaged measurements of the 19 GHz and 36GHz frequencies show that 
both frequencies continued to track with air temperature, but the difference between the two 
frequencies was nearly zero on January 8th (Figure 3-39). The negligible difference between the 
36 GHz and 19 GHz frequencies continued until the morning overpass of January 12th. The 
frequency difference signal from snow covered areas within the northern interior of the basin 
exhibited an abrupt transition in response to the wet conditions of January 8th (Figure 3-39 and 
Figure 3-45). Northern, high elevation regions comprising of the basin boundary showed a more 
gradual transition from a strong SWE signal to a strong wet snow signal (Figure 3-45). An initial 
decrease in the SWE signal within these areas was observed on January 8th. The reduction of the 
SWE signal gradually continued until January 10th, when the area-averaged difference between 
the Tb values for the 19 GHz and 36 GHz frequencies for the basin was nearly zero.    
Figure 3-46 shows the DAV algorithm response from January 8th to January 12th using 
conventional snowmelt detection thresholds (Semmens et al., 2013). On January 8th when the 
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intense period of rain began, the DAV algorithm identified known regions containing snowmelt. 
The area near the headwaters of the Meadow Valley Wash and the area surrounding the northern 
extent of the Pahranagat Wash, were correctly identified by the DAV algorithm as being covered 
by wet snow. The snowpack in the northern, high elevation regions remained frozen on January 
8th. Appropriately, DAV thresholds were not exceeded in these regions. Likewise, thresholds 
were not exceeded in the southern region of the basin which was snow free on January 8th. 
However, because the minimum daily temperature remained above freezing in regions that 
experienced significant snowmelt and the DAV algorithm requires a diurnal fluctuation in air 
temperatures above and below freezing, the DAV thresholds were not exceeded throughout the 
entire event. On January 9th and 10th, the entire basin remained continuously wet and stayed 
above freezing both day and night (Figure 3-46). This resulted in the DAV algorithm being 
unable to detect any snowmelt. On January 9th the basin average DAV was 1.93 K. The 75th and 
25th percentiles were 2.2 and 0.8 K, respectively. January 10th saw an even lower average DAV 
of 0.59 K. On January 12th, the DAV algorithm indicated snowmelt in the southern portion of the 
basin. However, because there was no snow, the signal likely captured the large diurnal 
fluctuation in surface temperatures. The difference between the daily minimum and maximum 
air temperature on January 12th in the southern portion of the basin was approximately 20ºC, 
whereas, the difference between the daily minimum and maximum air temperature on January 8th 
was approximately 10ºC (Figure 3-36d, 3-36e). This could explain why the DAV thresholds 
were not exceeded in the southern, snow free, portion of the basin on January 8th, but were 
exceeded on January 12th.  
The polarization ratio showed an increase in the degree of polarization beginning on 
January 8th and persisting through January 12th (Figure 3-47). The basin average polarization 
 103 
 
ratio was 0.029 on the afternoon of January 8th. The 75th percentile was 0.033 and the 25th 
percentile was 0.023. Before the onset of the storm the average polarization ratio was 0.017. The 
75th and 25th percentiles were 0.018 and 0.015, respectively. The degree of polarization was most 
pronounced in the snow covered regions as compared to areas that were snow free. The increased 
ratio persisted in the region near the headwaters of the Meadow Valley Wash until the total 
ablation of the snowpack. In the northern regions, the increased ratio persisted until either the 
snowpack drained, or the water within the snowpack froze.     
3.4.6 Hydrological Conditions Post Jan 8th to 12th Storm  
 
A sharp decrease in daily minimum air temperature was observed following the flood 
event. On January 12th, minimum temperatures approached -15◦C throughout the northern half of 
the Muddy River basin. The southern half of the basin also experienced below freezing minimum 
air temperatures of approximately -3◦C. These cold temperatures persisted until January 15th 
(Figure 3-36d). Maximum daily air temperatures showed a gradual basin-wide increase 
following the flood event. On January 12th maximum temperatures ranged from -10◦C, in the 
northern most regions, to 15 ◦C in the southern regions. Maximum daily air temperatures 
continued to rise until late January when the majority of the basin was above 10◦C (Figure 3-
36e).  
The SCA following the flood event is shown in Figure 3-48. Comparison of Figure 3-48 
and Figure 3-38 illustrates the extent of snow cover that completely ablated and contributed to 
the flood. Following the flood event, the majority of meteorological stations reported no snow. 
Only high elevation stations reported significant snow depths (Figure 3-36a).  
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Flow in the Muddy River basin receded rapidly following the precipitation event. On 
January 13th, the flow dropped to 10 m3/s from its high of 70 m3/s on January 12th. A more 
gradual decrease occurred until January 16th, which is probably attributed to the continued 
release of water from the snowpack and soil after the precipitation ended. The base flow in the 
Muddy River continued to exceed typical flows until early February (Figure 3-35).      
3.4.7 Passive Microwave Observations Post Jan 8th to 12th Storm  
 
Following January 12th, 2005, both the 19 and 36 GHz channels tracked with the large 
diurnal fluctuations in air temperature (Figure 3-39). The observed Tb values on January 13th 
and 14th are shown in Figure 3-50. A significant difference between these two frequencies is 
once again present in the northern regions of the Muddy River basin. On the morning of January 
14th the basin average frequency difference was 6.5 K. The 75th percentile was 10.9 K and the 
25th percentile was 2.5K. This is attributed to the return of below freezing temperatures which 
resulted in the refreezing of the snowpack. Higher differences between the 19 and 36 GHz 
frequencies, as compared to January 7th, were observed in the high elevation regions following 
the flood event. This agrees with the observed increase in microwave SWE estimates (Figure 
3-49), and the observed increase in snow depth reported by meteorological stations within this 
region (Figure 3-36a).     
Comparison between AMSR-E microwave SWE estimates before the rain event, on 
January 8th, and after the event, on January 14th, shows a significant increase in SWE within high 
elevation regions following the flood event (Figure 3-49). The microwave SWE estimates also 
indicate that lower elevation regions within the northern portion of the basin experienced an 
increase in SWE, which disagrees with ground observations. This disagreement is most likely a 
result of AMSR-E pixels encompassing both high and low elevation regions. The microwave 
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signature of the observed ablation in the lowlands is obscured by the snow accumulation in the 
highlands. Regions near the headwaters of the Meadow Valley Wash and the northern extent of 
the Pahranagat Wash showed snow ablation, and the southern portion of the basin showed no 
snow prior to or after the flood event (Figure 3-49). 
The DAV algorithm captured the large diurnal fluctuations in air temperature following 
the flood event. On January 14th, the conventional DAV thresholds suggest a basin wide wet 
snowpack (Figure 3-51). The warming trend in daily maximum air temperature following 
January 12th (Figure 3-36d) and the relatively constant cold daily minimum air temperature 
(Figure 3-36c) agree with the high DAV values throughout the basin.  
 In the northern, snow covered regions, the polarization ratio maintained a higher degree 
of polarization following the flood event (Figure 3-52) as compared to values prior to the event 
(Figure 3-42). This signal suggests the formation of ice layers resulting from the freezing of the 
liquid water in the snowpack during the flood event. The lower polarization ratio values in the 
region near the headwaters of the Meadow Valley Wash suggest dry snow cover, which 
disagrees with ground observations. This is likely an artifact of pixel footprints that overlap with 



























Figure 3-34: The inundation area corresponding to the January 2005 flood is outlined in blue. 
The study area consists of the Muddy River Basin which is outlined in red. The Muddy River 
Basin outline is shown over the Shuttle Radar Topography Mission (SRTM) digital elevation 







Figure 3-35: Muddy River hydrographs for 6 years prior to January 2005 flood event, shown on 
a logarithmic scale. The January 2005 flood event is shown in bold. The 2002 – 2003 flows were 

























































































































Figure 3-36: Global Historical Climatology Network (GHCN) meteorological stations within the 






Figure 3-36a: Snow depth from GHCN meteorological station (USS0014K05S) within the 
Muddy River Basin at an elevation of 2804 meters above mean sea level. December, 2004 – 
January, 2005.   
 
 
Figure 3-36b: Snow depth for lower elevation GHCN meteorological stations within the Muddy 























































































































































































































































Figure 3-36c: Cumulative precipitation from GHCN stations for the months of December, 2004 
and January, 2005.  
 










































































































































































































































































Figure 3-36e: Maximum temperature from GHCN stations for the months of December, 2004 





































































































































Figure 3-37: Daymet estimates of the spatial distribution of precipitation, maximum air 























Figure 3-38: Moderate Resolution Imaging Spectroradiometer (MODIS) 8-day composite snow 
map (Hall, 2016). Light blue pixels indicate areas with no snow based on MODIS imagery from 
January 1st through January 9th. This map indicates the snow covered extent prior to the January 
























Figure 3-39: Basin averaged time series of the 19 and 36 GHz frequencies (top), DAV algorithm 










Figure 3-40: Tb of the 19 and 36 GHz channels and their difference (Tb19-Tb36) for the morning 




Figure 3-41: Response of the DAV algorithm on January 6th and 7th. Black dots indicate areas 








Figure 3-43: Daymet estimates of the spatial distribution of precipitation from January 8th 





Figure 3-44: Cumulative precipitation from GHCN station (USC00267750) for the months of 





















































































































































Figure 3-45: Tb of the 19 GHz and 36 GHz frequencies and the difference between them for the 




Figure 3-46: Response of the DAV algorithm for January 8th through January 12th. Black dots 
indicate areas where conventional thresholds (Tb 36 GHz ascending overpass > 252K and Tb36 
ascending – Tb36 descending > 10K) were exceeded. January 11th is excluded due to unavailable 





Figure 3-47: Response of the 19 GHz polarization ratio algorithm for January 8th through 



















Figure 3-48: Moderate Resolution Imaging Spectroradiometer (MODIS) 8-day composite snow 
map (Hall, 2016). Light blue pixels indicate areas with no snow based on MODIS imagery from 
January 9st through January 17th. This map indicates the snow covered extent following the 













Figure 3-49: AMSRE microwave SWE before flood event on January 8th and after flood event 




Figure 3-50: Temperature brightness of the 19 and 36 GHz frequencies and the difference 
between them for the morning (D) and afternoon (A) overpasses for January 13th and January 
14th.  
 
Figure 3-51: Response of the DAV algorithm for January 13th and January 14th. Black dots 



















3.5 Regional Effects on Microwave Signals 
 
The microwave snowmelt detection algorithm values were used to calculate watershed 
average values for the respective USGS basins for each ROS event. (Table 3-4). Three periods 
were considered for each ROS event; preceding the rain, at the onset of the rain, and during the 
rain. Dates were determined using meteorological station data. The basin averaged mean winter 
temperature for the winter of the respective ROS event and the snow depth preceding each ROS 
event were determined. The winter temperature and snow depth were used as explanatory 
variables to explore how regional differences affect the microwave snowmelt detection algorithm 
responses.  
Figure 3-53 shows the USGS basins and the mean winter temperature during the winter 
of the respective ROS events. As expected, the basin averaged mean winter temperatures 
decrease with increasing latitude, ranging from -5.8◦C in the Hudson River basin in northern 
New York, to 7.4◦C in the San Joaquin River basin in central California. The average mean 
winter temperature of all the basin was approximately -0.5◦C. Figure 3-54 shows the relationship 
between the mean winter temperature and the maximum temperature observed during the 
respective ROS events. As shown, all of the basins experienced significant warming during each 
respective ROS event. The average increase in temperature over all basins was approximately 
7◦C. 
Figure 3-55 shows the basin averaged DAV values at the onset of ROS conditions versus 
the DAV values just prior to snowmelt for all of the ROS events. A large increase in the DAV 
signal at snowmelt onset occurs for those basins having cooler winter temperatures. The warmer 
basins tend to follow the 1:1 line, whereas colder basins are well above the 1:1 line. The 
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observed DAV signals at the onset of ROS conditions for cold basins (mean winter temperature 
below 0C) had a median value of 13 K. The upper quantile was 19.8 K and the lower quantile 
was 3.5 K. These reported DAV values differ greatly from the observed DAV values just prior to 
ROS conditions, where the median DAV value was only 3 K, the upper quantile was 3.8 K and 
the lower quantile was 2.4 K. The large contrast in the DAV signal indicates that the DAV 
algorithm is effective in capturing the timing and spatial extent of ROS event onset in cold 
regions.  
Figure 3-54 also illustrates that the DAV algorithm is only effective in detecting the 
onset of snowmelt. Basin averaged DAV values during the respective ROS events are not 
notably different than those DAV values just prior to the ROS conditions. This is likely because 
the DAV algorithm detects diurnal fluctuations in Tb. A snowpack that is wet during both day 
and night overpasses would not result in elevated DAV values.  
The DAV response is likely not entirely dependent on basin temperature. For example, 
the Deschutes River Basin located in Giggs Junction Oregon had below freezing winter 
temperatures (-0.1◦C) and had minimal snow cover (7.4 mm) at the onset of the ROS event that 
occurred in late December, 1998. The basin averaged DAV values before the onset and at the 
onset, were 3.9 and 1.6 K respectively. This suggests that an adequate snowpack is required to 
see distinct DAV signals at the onset of a ROS event. There is a strong relationship between 
cooler mean winter temperatures and deeper snow (Figure 3-56). For basins with an observed 
mean winter temperature below freezing, the mean snow depth prior to ROS conditions was 
approximately 290 mm. For basins with mean winter temperatures above freezing, the mean 
snow depth was approximately 100 mm. Figure 3-57 shows that basins that had deeper 
snowpacks, typically had large differences in DAV values prior to melt and at the melt onset.  
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The frequency difference showed little response during the onset period, but fairly 
consistent, distinguishable abrupt decreases throughout the rain events for the cold basins 
(Figure 3-58). The frequency difference method did show similar abrupt drops across all of the 
selected basins. The magnitude of the signal drop was proportional to the initial snow depth, but 
for most of the severe early winter floods the frequency difference dropped to 0 K (Figure 3-58 
and Figure 3-59). Notably, two USGS basins saw extreme drops in the frequency difference 
signal during the ROS conditions, dropping to approximately -10 K. The two basins are located 
in Indiana and Ohio and experienced similar ROS conditions. The snow cover preceding the 
flooding conditions was minimal, an average value of approximately 75 mm in both basins, and 
the flood flows nearly tripled historic peak flows. Theoretically, as a snowpack becomes wet and 
the emissivity approaches one, the frequency difference signal should drop no lower than 0 K, as 
was observed in the majority of the selected basins. The minimal snow depth within both basins 
and the severe flooding suggests that the wet snow signal was overshadowed by some other 
physical mechanism.        
For most basins, the polarization ratio shows a modest increase during the onset of the 
rain event that was sustained during the event (Figure 3-60). However, Figure 3-60 and Figure 
3-61 shows that there is no clear trend in the magnitude of the polarization ratio with respect to 
mean winter air temperature or snow depth. The magnitude of the polarization ratio method 
depends on the snowpack stratigraphy, and is therefore likely dependent on the detailed physical 
snowpack processes of the individual flood events.  
Forest cover does not appear to completely diminish the early snowmelt microwave 
signals. A pair of adjacent USGS basins that experienced significant snowmelt during the 
January 17th – 20th, 1996 Pennsylvania flood had very different forest cover (Figure 3-62). The 
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average percent forest fraction for the Maumee River basin and the Allegheny River basin were 
6.7 and 54.6%, respectively. The basins had similar snow depths prior to the ROS event, as well 
as a similar timing in snow ablation and peak flow. The frequency difference time series show 
that the microwave signals, averaged over the two basins, is quite different (Figure 3-63). The 
heavily forested Allegheny basin has a much lower FD value that likely reflects the heavy 
vegetation attenuating the microwave signal. Despite the difference, both basins show a strong 
DAV melt signal identifying the start of the event (Figure 3-64). The FD and PR capture 
changes during the event (Figure 3-63, and Figure 3-65). The response magnitude is dampened 
in the forested Allegheny basin for all three melt indicators. Thus, it is promising that the 
microwave response to snowmelt is distinguishable even under dense forest cover. However, the 
canopy dampening will challenge the development of appropriate thresholds to detect the melt 










Figure 3-53: USGS basins with documented ROS events. The basins are color-coded based on 




Figure 3-54: Basin average mean winter temperature versus the maximum observed temperature 






















































Figure 3-55: Basin averaged DAV values at the onset of ROS conditions versus the DAV values 
just prior to snowmelt for all of the USGS basins shown in Table 3-4 (top left). Also shown is the 
DAV values during each event versus the DAV values just prior to snowmelt (top right), and the 
DAV values during each event versus the DAV values at the onset (bottom). Plots are color 




Figure 3-56: Relationship between mean winter temperature and basin averaged snow depth 






























Figure 3-57: Basin averaged DAV values at the onset of ROS conditions versus the DAV values 
just prior to snowmelt for all USGS basins shown in Table 3-4 (top left). Also shown is the DAV 
values during each event versus the DAV values just prior to snowmelt (top right), and the DAV 
values during each event versus the DAV values at the onset (bottom). Plots are color coded by 





Figure 3-58: Basin averaged FD values at the onset of ROS conditions versus the FD values just 
prior to snowmelt for all USGS basins shown in Table 3-4 (top left). Also shown is the FD 
values during each event versus the FD values just prior to snowmelt (top right), and the FD 
values during each event versus the FD values at the onset (bottom). Plots are color coded by the 







Figure 3-59: Basin averaged FD values at the onset of ROS conditions versus the FD values just 
prior to snowmelt for all USGS basins shown in Table 3-4 (top left). Also shown is the FD 
values during each event versus the FD values just prior to snowmelt (top right), and the FD 
values during each event versus the FD values at the onset (bottom). Plots are color coded by the 





Figure 3-60: Basin averaged 19 GHz PR values at the onset of ROS conditions versus the 19 
GHz PR values just prior to snowmelt for all of the USGS basins shown in Table 3-4 (top left). 
Also shown is the 19 GHz PR values during each event versus the 19 GHz PR values just prior 
to snowmelt (top right), and the 19 GHz PR values during each event versus the 19 GHz PR 









Figure 3-61: Basin averaged 19 GHz PR values at the onset of ROS conditions versus the 19 
GHz PR values just prior to snowmelt for all of the USGS basins shown in Table 3-4 (top left). 
Also shown is the 19 GHz PR values during each event versus the 19 GHz PR values just prior 
to snowmelt (top right), and the 19 GHz PR values during each event versus the 19 GHz PR 








Figure 3-62: Frequency distributions of percent vegetation cover per pixel within the Allegheny 
River basin, USGS basin number 03025500 (left) and the Maumee River basin, USGS basin 
number 04192500 (right). The distribution of vegetation cover was determined from the 


















Figure 3-63: Frequency difference time series for the Allegheny River basin (top) and the 
Maumee River basin (bottom). Dates range from December 29th, 1995 through February 15th, 











Figure 3-64: DAV time series for the Allegheny River basin (top) and the Maumee River basin 










Figure 3-65: Polarization ratio (19 GHz) time series for the Allegheny River basin (top) and the 
Maumee River basin (bottom). Dates range from December 29th, 1995 through February 15th, 








4 CHAPTER 4 - DISCUSSION 
 
ROS events have been the focus of many recent studies. Previous research has shown that 
the occurrence of ROS events corresponded well with the maximum annual flood flows for 
northern latitude, high elevation basins in the CONUS (Berghuijs, Woods, Hutton, & Sivapalan, 
2016). For these regions, other mechanisms hypothesized to result in maximum annual flows, 
such as the largest annual precipitation event, the largest annual precipitation excess event, and 
the largest annual series of precipitation events, did not explain the timing of the maximum 
annual flood flows as well as the ROS events did (Berghuijs et al., 2016). The strong correlation 
between ROS events and the timing of flood flows illustrates the impact of ROS events, and the 
importance of developing tools to detect and study them.    
The timing and magnitude of flood flows resulting from ROS events have been observed as 
being significantly different from flood flows resulting exclusively from rainfall (Pradhanang et 
al., 2013). A study of ROS events in New York highlights the significant differences between 
runoff initiated exclusively by rainfall and runoff from ROS. A large increase in the duration of 
the rising limb, as well as an increase in peak flow, was reported for ROS events (Pradhanang et 
al., 2013). These changes to stream flow characteristics can lead to considerable damage of 
affected areas. A resulting stream flow characteristic associated with ROS conditions is high 
variability across different storm events (Pradhanang et al., 2013). This presents challenges in 
predicting the flood flows resulting from ROS events.       
The complex structure and continued metamorphism of a snowpack throughout a winter 
season makes it difficult to establish quantitative techniques to predict flood flow parameters 
resulting from ROS. Singh et. al. (1997) investigated the runoff generated from ROS for small, 
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controlled scales. They found that changes to the conditioning of the snowpack, formation of 
depth hoar and preferential path ways, played significant roles in the timing and magnitude of 
runoff (Singh et al., 1997). For example, rain on a fresh, dry snowpack may only initially 
penetrate the top layer, whereas rain on a wet snowpack can lead to an immediate release of 
water from the base of the snowpack (Cohen, Ye, & Jones, 2015). These studies indicate that 
runoff generated from ROS events is sensitive to the antecedent snowpack properties. To 
understand the dominant physical processes of ROS initiated runoff at watershed scales, 
snowpack parameter measurments at large spatial scales would be desirable.  
The spatial and temporal trends in the occurrence of ROS events have been investigated 
globally. Studies have found strong correlations between the frequency of ROS events and 
increasing elevation, proximity to the coast, and large scale weather patterns (McCabe et al., 
2007). Although these studies do not always agree on the criteria used to define ROS events or 
the dominant physical mechanism responsible for snowmelt, most studies suggest that northern 
latitude, high elevation, maritime regions are the most affected by ROS events and that the 
frequency of ROS events in these regions will increase in response to global climate change 
(Cohen et al., 2015; Freudiger et al., 2014). Cohen et. al. (2015) identified ROS events 
throughout the northern hemisphere using the daily Modern Era Retrospective-Analysis for 
Research and Applications (MERRA) dataset. ROS events were identified daily under the 
condition of snow cover accompanied by at least 1 cm of liquid precipitation. Both increasing 
and decreasing trends in the frequency of ROS events between 1979 and 2014 were reported. 
The contrasting trends were explained by the regional impacts of a warming climate on depth of 
SWE and snow cover extent, as well as the type of precipitation. It was determined that low 
elevation, arid regions are becoming less likely to experience ROS events due to declining snow 
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depths, whereas high elevation regions are still experiencing deep snow, but are also seeing more 
rainfall during the winter season (Cohen et al., 2015). Freudiger et. al. (2014) supports this 
finding in a study on the occurrence in ROS events throughout major watersheds in Germany. 
Although their criteria used to identify ROS events differed from Cohen et. al. (2015), they also 
reported a strong elevation dependence in the occurrence of ROS events.  
The sparsity of meteorological stations, particularly in remote northern latitude regions, 
requires researchers to use modeled estimates of weather data to study ROS events on large 
spatial and temporal scales. Snow accumulation and melt is frequently estimated using a simple 
temperature index model in conjunction with an empirical snowmelt coefficient (Freudiger et al., 
2014). Although this approach has been shown to provide reasonable results, errors in daily 
estimates will be continually compounded throughout the period of interest. Precipitation phase 
is also challenging to capture when detailed observations are not available. An assumption of 
precipitation phase is typically made based on a temperature threshold. Freudiger et. al. (2014) 
assumed solid precipitation if the temperature was below 1◦C, and liquid precipitation if the 
temperature was greater than or equal to 1◦C. This approach is not always accurate because 
threshold values can vary considerably between regions, and storm events (Marks, Winstral, 
Reba, Pomeroy, & Kumar, 2013).                 
 Microwave remote sensing offers a means to further investigate the spatial and temporal 
trends in the occurrence of ROS events, as well as the spatial extent of ROS events. The benefit 
of using microwave remote sensing is that the observations relate directly to the observed 
snowpack. The large spatial coverage and relatively frequent measurements provide valuable 
information regarding the condition of a snowpack, and gives insight into how the snowpack will 
respond under ROS conditions. In this manner, microwave remote sensing could be used to 
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correct flood forecasting models to more accurately predict the timing and magnitude of storm 
water runoff resulting from ROS events. This information could also be used to establish areas 
that are at risk of experiencing winter flooding. 
If microwave radiometry is to be used more extensively to map the occurrence of ROS 
events retrospectively or actively, a high level of confidence in the correct interpretation of 
microwave data needs to be established. This study explored the performance of snowmelt 
detection algorithms in areas of know, and well documented ROS events. To date, microwave 
snowmelt detection studies have been solely conducted in extreme northern latitude regions, 
primarily in northern Canada and Alaska. The results of this study stress the importance of 
regional effects, particularly changes in regional mean winter air temperature, and add insight 
towards the correct interpretation of microwave snowmelt detection algorithms.  
The DAV algorithm has been primarily used to determine the onset of spring snowmelt by 
responding to large fluctuations in Tb during the melt refreeze period associated with the 
beginning of spring (Ramage et al., 2006). Ramage et. al. (2006) showed a strong correlation and 
consistent lag time, of approximately 5 days, between the end of the observed intense 
fluctuations in Tb and the beginning of increased spring flows in the Wheaton River basin in 
northern Canada. The DAV algorithm was also found to respond to brief early melt events within 
the Yukon River basin in Alaska (Semmens et al., 2013). For this region, the DAV response was 
observed to be less intense for early winter events as compared to spring melt. A lower DAV 
threshold value of 10 K was therefore suggested. Semmens et al found that all early winter melt 
events detected by the DAV approach were verified by ground observations as being early winter 
snowmelt initiated by either, ROS, fog or warm temperatures. To date, the DAV algorithm has 
not been tested outside of extreme latitude regions. 
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This study determined that DAV threshold values are heavily dependent on regional air 
temperature. Fluctuations in the DAV signal at the onset of ROS conditions were observed to be 
most intense within cold basins. As the mean winter temperature of the basins increased, the 
DAV signal became less pronounced, indicating the need for regionally specific thresholds. The 
DAV threshold value of 10 K, suggested by Semmens et. al. (2013), failed to capture many know 
early melt events included in this study. Notably, it is apparent that the DAV algorithm cannot be 
applied over all regions. As the mean winter temperature increases, the difference between a 
DAV signal resulting from a normal freeze-thaw cycle in warmer, lower latitudes regions is 
indistinguishable from a DAV signal resulting from the onset of a ROS event. 
The frequency difference method was determined to be less sensitive to increases in regional 
air temperature as compared to the DAV approach. Using the FD signal, researchers have 
developed an algorithm that was found to accurately capture the timing of spring melt onset in 
northern latitude regions (Wang, Derksen, Brown, & Markus, 2013). The algorithm used a 
threshold approach to identify abrupt drops in the FD signal as compared to the signal preceding 
the melt. An abrupt drop in FD was observed in all ROS events considered in this study. 
However, because of the sensitivity of microwave emissions to wet snow, false detects of 
actively melting snow could be more frequent in warmer regions. The development of regionally 
specific FD algorithms that could discern abrupt signal drops resulting from actively melting 
snow is a suggested direction for further research.  
The polarization ratio was found to be highly inaccurate in detecting the occurrence of ROS 
events. This method has shown promising results in detecting changes to snowpack stratigraphy, 
particularly the formation of ice layers, resulting from minor early snowmelt conditions within 
northern latitude regions (Grenfell & Putkonen, 2008). However, when the polarization ratio was 
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applied to severe winter flooding, the results showed no clear signal. For the purpose of mapping 
the occurrence and spatial extent of ROS events that result in flooding, this approach is not 
recommended.  
The response of microwave emissions to wet and dry snow is currently well understood. The 
scattering effect dry snow has on microwaves, in conjunction with the contrasting near blank 
body microwave response of wet snow, makes microwave remote sensing an attractive tool for 
detecting and mapping ROS events. In this study three previously developed snowmelt detection 
algorithms were tested in a wide range of basins to highlight the potential of microwave remote 
sensing. In most cases, trends in the microwave observations were well explained by observed 
wetting and refreezing of snow.  
The sources of uncertainty in microwave remote sensing lie primarily within instrumentation 
limitations. The current 25 km resolution of the AMSR-E radiometer makes it difficult to 
accurately map ROS events in heterogeneous areas. Also, frequent spatial gaps in observations 
add uncertainty, and in some cases makes the application of the DAV approach, which depends 
on twice daily overpasses, impractical. Even with the current instrumentation limitations, this 
study showed that microwave observations could be used to detect ROS events in most mid-
latitude regions. Further research towards the development of a robust snowmelt detection 
algorithm is required. To achieve this, an algorithm which combines the DAV and FD 






5 CHAPTER 5 - CONCLUSION  
 
Microwave remote sensing offers a means to monitor the physical parameters and the 
flooding potential of snowpack’s throughout the globe. Although the spatial and temporal 
coverage of satellite based microwave observations are hindered by gaps in the field of view and 
coarse resolution of the instruments, microwave observations could still provide valuable 
information on the condition of snowpack’s in data scarce regions. With regards to flood 
potential, there is currently no large-scale instrumentation network that monitors the cold content 
or wetness of a snowpack directly. Besides inferring these parameters from other measurements, 
such as air temperature and precipitation, satellite based microwave observations offer a direct 
measurement.    
The microwave observations presented in this study illustrate the potential of microwave 
radiometry to aid in the understanding of early winter floods throughout a wide range of climate 
and land cover conditions. Previous research has investigated and validated the effects wet snow 
has on microwave signatures, and has suggested several approaches to exploit these effects to 
quantify various snowmelt parameters. To date there have not been any investigations regarding 
the performance of microwave remote sensing techniques to capture the timing and spatial extent 
of snowmelt over mid-latitudes. 
It was found that mean winter air temperature has a significant effect on the ability to identify 
early winter snowmelt events using microwave observations. The DAV approach showed little 
value in warm mid-latitude basins. The frequency difference and polarization ratio methods 
showed similar responses in mid-latitude regions as compared to northern regions; although the 
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contrast between early winter snowmelt conditions and normal winter conditions becomes less 
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